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ABSTRACT 
 
Tungsten oxide thin films with one-dimensional (1D) nanostructure (e.g. nanorod (NR)) show 
enhanced performances for gas sensing, catalysis and photocatalysis due to a large surface-to-
volume ratio, high crystallinity, reduction of light reflection and relative high collection 
efficiency of charge carriers.  
    This thesis details the use of aerosol assisted chemical vapour deposition (AACVD) to 
deposit tungsten oxide NR array thin films via optimising the deposition conditions (e.g 
temperature, solvent, precursor and substrate). The tungsten oxide NR array thin films were able 
to be grown directly on glass, quartz, silica and alumina substrates. 
    Based on observation of the change of tungsten oxide morphologies from planar to NR on 
traversing from the inlet to outlet of an AACVD reactor, where the actual substrate temperature 
changed from 339 to 358 °C, a ‘kinetic competition’ mechanism was proposed to describe the 
relation between deposition parameters and the morphology formed during AACVD. In this 
mechanism the formation of planar and wave-like morphologies is due to the competition 
between rperp (perpendicular growth rate) and ri (parallel growth rate contributed by nucleation 
rate). When rperp is around 7 times faster than ri, the formation of tungsten oxide NR is favoured. 
The difference between rperp and ri is attributed to planar defects which appear in the direction 
perpendicular to the NR growth suppressing ri. These planar defects induced by oxygen vacancy 
may also be responsible for the observed dislocation loops with size (~0.4 to 1.5 nm) providing 
with the associated strain field generated leading to a quantum-spatial-confinement effect which 
modifies the band structure of WO3 NR array thin films. During photodegradation of stearic 
acid (SA) WO3 NR with length around 1200 nm (deposited for 5 mins) gave the highest 
photocatalytic activity, and the WO3 NR were more than 2 µm in length reduced tungsten states 
(W
4+
) were observed via NIR and in XPS spectra which lead to lower photocatalytic activity. 
In order to improve photocatalytic activity of plain WO3 NR arrays, AACVD was used to 
grow noble metal (Au, Pt, Pd and Ru) and metal oxide (PdO, RuO2, Co2O3, CuOx and TiO2) 
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NPs supported on 1D WO3 nanorod arrays with size of the NPs (1.9 to 7.3 nm) is directly 
controlled by the deposition time (0.5 to 36 minutes). Hybrid nanostructures of Au/WO3 (1 min, 
with particle mean size 3.0 nm), Pt/WO3 (10 min, 3.0 nm) and PdO/WO3 (5 min, 5.6 nm) 
increased photocatalytic activity by 40 to 50% compared to undecorated plain WO3 NR array 
thin films. 
 
KEYWORDS: Tungsten oxide, Nanorods, AACVD, Photocatalysis, 1D growth mechanism, 
Defect engineering.  
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NOMENCLATURE 
 
 
1D One-dimension 
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APCVD Atmospheric pressure chemical vapour deposition 
CB Conduction band  
CBM Conduction band minimum 
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CTAB Cetyltrimethylammonium bromide 
CVD Chemical vapour deposition  
DCI Double charge injection  
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EDX Energy dispersive X-ray 
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SMSI Strong metal-support interaction 
SPH Small polaron hopping 
SPR Surface plasmon resonance 
TEM Transmission electron microscopy 
TOF Turn over frequency 
TSK Terrace-step-kink 
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VBM Valence band maximum 
VL Vapour-liquid 
VLS Vapour-liquid-solid  
VO Oxygen vacancy 
VW Volmer–Weber 
XPS X-ray photoelectron spectroscopy 
XRD X-ray diffraction 
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CHAPTER 1: INTRODUCTION  
 
This chapter presents a literature review of the synthesis, characterisation, properties, growth 
mechanism and applications of tungsten oxide and tungsten oxide based hetero-junction 
materials, aerosol assisted chemical vapour deposition, thin film characterisation techniques and 
the motivation, aims and purpose of this thesis.  
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1.1  Background of Tungsten Oxide 
1.1.1 Structure of Tungsten Oxide 
The crystal structures of WO3 are formed by corner-sharing networks of WO6 octahedra. The 
prototype crystal structure of WO3 is cubic ReO3.
1
 However, the cubic structure of WO3 is rarely 
observed in experiment. Since the triclinic (pseudo-monoclinic) phase of WO3 was investigated 
by Braekken in 1931,
2
 six additional phases have subsequently been characterised: monoclinic 
II (𝜀-WO3), triclinic (𝛿-WO3), monoclinic I (𝛾-WO3), orthorhombic (𝛽-WO3), tetragonal (𝛼-
WO3) and hexagonal (h-WO3),
3,4
 as shown in Table 1.1. The seven phases of WO3 are 
differentiated by tilting angles and distortions of the WO6 octahedra from the ideal cubic 
structure resulting in lower symmetry, as presented in Figure 1.1.
3
 The crystal phase transitions 
take place at various temperatures in the following sequence: monoclinic II (𝜀-WO3, < −43 ℃), 
triclinic (𝛿-WO3, −43 𝑡𝑜 17℃), monoclinic I (𝛾-WO3, < 17 𝑡𝑜 330 ℃), orthorhombic (𝛽-WO3, 
< 330 𝑡𝑜 740 ℃), tetragonal (𝛼-WO3, > 740 ℃).
3
 
Table 1.1. Lattice constant of different WO3 phases. 
Crystal Space 
Group 
Lattice constant Calc. 
Density 
g/cm
3
 
Reference 
a b c (Å) 𝛼 𝛽 𝛾 (°) 
𝜀-WO3 Pc 5.278 5.156 7.664 90 90.76 90 7.39 PDF 88-545
5
  
𝛿-WO3  
Triclinic 
P-1 7.313 7.525 7.689 88.85 90.91 90.94 7.28 PDF 20-1323
6
 
𝛾-WO3 
Monoclinic 
P21/c  7.306 7.540 7.692 90 90.88 90 7.27 PDF 72-0677
7
 
𝛽-WO3 
Orthorhombic 
Pmnb 7.341 7.570 7.754 90 90 90 7.15 PDF 71-131 
8
 
𝛼-WO3  
Tetragonal 
P4/nmm 5.272 5.272 3.920 90 90 90 7.07 PDF89-1287
9
 
Cubic WO3 
(ReO3) 
Pm-3m 3.834 3.834 3.834 90 90 90 6.83 
10
 
h-WO3 
Hexagonal 
P6/mmm 7.298 7.298 3.899 90 90 120 6.42 
PDF 01-075-
2187
4
 
 
    Without oxidative treatment such as annealing, oxygen deficient tungsten oxide (WOx) is 
usually formed via liquid or gas phase methods.
11,12
  The mechanisms for formation of WOx are 
discussed in Section 1.1.3. WOx varies from WO2.625 (W32O84) to WO2.96 arising from corner-
sharing networks of WO6 octahedra as shown in Table1.2. Compared to fully oxidized WO3, 
WOx phases possess larger unit cells, and crystal structures transition from monoclinic to 
orthorhombic as the x value decreases (Table 1.2).  
20 
 
 
Figure 1.1. Tilt patterns and stability temperature domains of the different polymorphs of WO3.
13 
 
    Tungsten oxide with different crystal phases or/and various oxygen defects presents varying 
symmetry of the crystal lattice described by space group as shown in Table 1.1 and 1.2. There 
are a total of 230 possible space groups for crystal (2 triclinic, 13 monoclinic, 59 orthorhombic, 
68 tetragonal, 25 trigonal, 27 hexagonal and 36 cubic) combining 32 crystallographic point 
groups with the 14 Bravais lattices designated by the Hermann-Mauguin space group symbol to 
describe the crystal structure of a particular substance.
14
 The first letter of that symbol refers to 
the Bravais centering e.g. P for Primitive, F for Face-centred, I for body centred, A for (100) 
face centred, B for (010) face centred and C for (001) face centred, and the remaining three 
letters refer to the symmetry elements in the lattice. As an example, monoclinic 𝛾-WO3 with 
P21/c space group (Table 1.1) is a very common tungsten oxide phase stable at room 
temperature. This space group consist of a primitive monoclinic unit cell, a twofold screw axis 
and a c-glide plane perpendicular to the screw axis. 
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Table 1.2. Lattice constant of different oxygen content of WOx. 
Crystal Space 
Group 
Lattice constant Calc. Density 
g/cm
3
 
Reference 
a b c (Å) 𝛼 𝛽 𝛾 (°) 
W32O84 
(WO2.63) 
Pbam 21.43 17.77 3.78 90 90 90 8.33 PDF 01-077-0810
15
 
W3O8 
(WO2.67) 
C222 6.39 10.43 3.80 90 90 90 8.92 PDF 01-081-2262
16
 
W18O49 
(WO2.72) 
P2/m 18.32 3.78 14.03 90 115.2 90 7.73 PDF 01-084-1516
17
 
W17O47 
(WO2.76) 
P2/m 18.84 3.79 12.33 90 102.7 90 7.50 PDF 01-079-0171
18
 
W5O14 
(WO2.80) 
P-42m 23.33 23.33 3.80 90 90 90 7.35 PDF 01-071-0292
19
 
W10O29 
(WO2.90) 
P2/m 12.05 3.77 23.59 90 85.3 90 7.17 
20
 
W25O73 
(WO2.92) 
P2/c 11.93 3.82 59.72 90 98.3 90 7.11 PDF 01-071-0070
21
 
WO2.92 P2/c 11.90 3.83 59.65 90 98.4 90 7.15 PDF 30-1387
22
 
 
1.1.2 Properties and Applications of Tungsten Oxide 
Tungsten metal has a very high meting point and enthalpy of atomization, reacting with O2 at 
high temperature to form yellow WO3.
23
 WO3 does not react with acid, but reacts with alkali 
forming [WO4]
2-
 polyoxometallate ions.
23
 Among transition metals oxide, tungsten oxide 
indicates properties similar to non-metal oxide and acids with the strongest Brønsted acid sites 
owing to the high oxidation state, W
VI
, showing very high electronegativity.
24
 Therefore, 
tungsten oxide has been used as a support in catalysis, with applications in the petrochemical 
and refining industry including catalytic reaction such as ethylene polymerization, alkane 
oxidative dehydrogenation, alkene metathesis and reduction of NOx with ammonia.
25
  
    Tungsten oxide is a semiconductor material presenting an electronic bandgap (Eg) (gap of 
forbidden energies) between the valence band maximum (VBM) and the conduction band 
minimum (CBM). The energy bands are constructed by an infinite number of molecular orbitals 
(MO) formed by an infinite number of atoms within the crystal lattice which are so close to each 
other blurring discrete MOs.
14
 There must be N/2 available states for N electron to house the 
electron density based on the Pauli Exclusion Principle.
14
 The VB of tungsten oxide is the 
electron-occupied band formed through overlap of O 2p orbitals, whereas the CB of tungsten 
oxide is the unfilled band formed through overlap of W 5d orbitals. 
    WO3 is also a wide bandgap n-type semiconductor (larger electron concentration than hole 
concentration, and fermi level locates close to CBM), presenting an Eg around 3.25 and 2.62 eV 
22 
 
corresponding to amorphous and monoclinic WO3 respectively.
3
 The bandgap of nanostructured 
WO3 increases with reducing crystallite size due to the quantum confinement effect (QCE),
26
 
which when the crystallite size approaches the Bohr radius causing the change of wavefunctions 
and hence expands the Eg.
27
 Recently, sub-nano-sized WO3 quantum dots were synthesized via a 
template method with sub-nano porous silica giving a crystallite size of 0.70 nm and Eg 3.69 eV 
(Figure 1.2).
28
 
 
Figure 1.2. TEM image of WO3 quantum dots and their bandgap dependence on particle size.28 
 
    Tungsten oxide has been used to photosensitize the oxidation of water and for destruction of 
toxic pollutants.
29–31
 Previous report have showed that WO3 has very high activity for water 
oxidation (with a suitable electron acceptor) under visible light radiation (reaction scheme in 
Figure 1.3) but it is unable to reduce water to H2, due to its valence band (VB) and conduction 
band (CB) being more positive than the oxidation and reduction potentials of water 
respectively.
29,32
 Degradation of organic contaminants is tested by photo-degradation of stearic 
acid which are significantly decomposed by WO3 under ultraviolet (UV) light radiation with 
either 254 or 365 nm wavelength.
33
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Figure 1.3. The reaction scheme of water oxidation by WO3 in presence of electron acceptors.
34 
 
    WO3 thin films are also used in smart windows due to the unique optical properties in the 
visible region, which are dominated by the absorption threshold defined by the bandgap.
35
 As 
the bandgap decreases, the colour of WO3 shifts to yellow due to absorption in part of the blue 
spectrum.
35
 The colour of WO3 thin films can also be changed by applied voltage or reducing 
gases (such as H2), corresponding to electrochromism (EC) or gasochromism (GC). The double 
injection of protons and electrons forming MxWO3 (M=H,Na,Li) was widely accepted to 
explain the coloration process of EC.
36
 As shown in Figure 1.4, the typical EC device is 
composed of five-layers, two transparent conductor layers, an ion storage film, an ion conductor 
and an electrochromic film. When an electrical field is applied between two transparent 
conductors, ions transport via electrolyte from the ion storage film, and then insert into 
electrochromic film causing a colour change in the electrochromic film.
37
 For GC, there were 
two models widely accepted to define this phenomenon. The first model is the double injection 
of ions which is similar to the mechanism of EC.
38
 The other model is via the generation of 
Oxygen vacancy (VO).
39
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Figure 1.4. Generic five-layer EC device design.37 
 
    The fundamental mechanism of gas sensors or detectors is based on the electrical resistance 
of a thin film that changes due to the ambient gas chemical composition. WOx can be used as 
the active material for gas sensors. The electrical conductivity depends on the concentration of 
free electrons in the CB, which is determined by oxygen vacancies in WOx and results in an 
electrical conductivity in the range from 10 to 10
-4
 S cm
-1
. 
40,41
 In order to improve its gas 
sensing performance, an effective way is to increase the surface-to-volume ratio of tungsten 
oxide.
42
 For instance in nanostructured tungsten oxide, by reducing grain size or modifying the 
surface with high porosity. Porosity is enhanced by synthesising tungsten oxide with nanorod 
structure which shows a dramatic increase in gas sensitivity to ethanol, hydrogen, carbon 
monoxide, ammonia and nitrogen dioxide (Figure 1.5).
43
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Figure 1.5. SEM images of tungsten oxide films grown at various deposition temperatures using acetone (a), toluene 
(b) and acetone/toluene 50:50 (c).43 
   
1.1.3 Synthesis of Nanostructured Tungsten Oxide  
Fabricating WO3 nanostructures, which provide unique properties due to increased surface to 
volume ratio and quantum confinement effects, has attracted increasing interest
3
. There are 
various approaches to synthesis of nanostructured WO3 including vapour phase and liquid phase 
based methods.
3
 
    Liquid phase synthesis methods include sol-gel, templating, hydrothermal, electrochemical 
anodization and electrodeposition.  
    Sol-gel processes normally begin with a precursor solution (sol). During the aging process 
(gelation), hydrolysis and polycondensation occur to form discrete particles or a network 
structure, and then the “sol-gel” is dip-coated, spun or drop-cast on the substrate to form the thin 
film.
44
 As shown in Figure 1.6, when the reagent WO4
2- 
from Na2WO4 mixes with H
+
 from nitric 
acid, then H2WO4 is formed. Consequently, partial condensation polymerisation occurs 
eliminating molecules of H2O to form a shared oxygen bond between two tungsten atoms. As 
more acid is added, the tungsten oxo ligands can be hydrated to dihydroxy ligands (W-(OH)2) 
26 
 
which experience further condensation action to form a 3D network structure until six shared 
oxygen bonds form in a similar structures to a polyoxotungstate.
45
 
 
Figure 1.6. Sol-gel condensation polymerization reaction and cluster condensation of Tungsten oxide.45 
 
Templating is a modification method of the sol-gel synthesis divided into two types based on 
the templates used, e.g. anodic alumina for hard templating and polyethylene glycol for soft 
templating.
46,47
 Recently, Sadakane etc. reported that (NH4)6H2W12O40 ammonium meta-
tungstate, which is inexpensive and air-stable was found to be suitable tungsten source for 
constructing 3D ordered macro-porous WO3 using a colloidal template (mono-disperse 
27 
 
poly(methyl methacrylate) with size 490 and 180 nm), which when calcined at 773 k or 873 k 
resulted in different morphologies as shown in Figure 1.7.
48
   
 
Figure 1.7. SEM (a,b,d) and TEM (c) images of WO3 prepared using a colloidal crystal template. (a) PMMA 
diameter, 490 nm; calcination temperature, 773 K. (b,c) 180 nm; 773 K. (d) 180 nm, 873 K.48 
 
Hydrothermal synthesis is performed in autoclaves as shown in Figure 1.8.
49
 The feeding 
mixture reactants include selected precursors (which are normally not dissolved in water in 
room temperature), mineralizer, solvent (e.g. water) and additives (e.g. surfactant). After 
transferring the mixture into the autoclave, the temperature is raised to 100 ~ 300 °C.
50
 The 
hydrothermal synthesis of nanostructured WO3 starts with a tungsten precursor, typically a 
tungstic acid solution (e.g. H2WO4, (NH4)6H2W12O40) which is dissolved into deionized water 
with additives such as HCl and surfactant of cetyltrimethylammonium bromide (CTAB), and 
then aged at temperature (180-200 °C) for 12 to 24 hours in order to allow the nucleation and 
crystal growth to take place. The synthesized precipitates are finally washed by deionized water 
and then dried in air at 70-80 °C.
51,52
  
 
Figure 1.8. A schematic of a Teflon lined stainless steel autoclave used for hydrothermal synthesis.49 
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A typical schematic setup for electrochemical anodization to fabricate nano-porous Al is 
shown in Figure 1.9.
53
 During the anodization the formation of a porous structure depends on 
polyprotic acid or electrolyte, temperature and anodic voltage.
53
 The first use of electrochemical 
anodization to produce nanostructured WOx was reported by Grimes et al. who used a pure 
tungsten foil in an oxalic acid via a galvanostatic (constant current) method at room temperature 
where the morphologies of tungsten oxide were found to be dependent on the current density, 
with  6.5 to 8 mA/cm
2
 found to produce nano-porous tungsten oxide.
54
  
 
Figure 1.9. Schematic of a typical experimental setup for anodization of aluminium.53 
 
Electrodeposition is the reverse of electrochemical anodization requiring only a small applied 
potential in order to form a metal film by accumulating metal ions in the electrolyte (Figure 
1.10).
55
 Previously, Baeck fabricated nanoparticles (NPs) tungsten oxide via pulsed 
electrodeposition using a conventional three-electrode system with Pt as a counter electrode, 
saturated calomel electrode (SCE) as a reference electrode, and both Ti foil and ITO-coated 
glass as cathodic substrates, in electrolytes prepared by dissolving tungsten powder into 
hydrogen peroxide.
56
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Figure 1.10. Schematic of an electrolytic cell used in the electrodeposition.55 
 
    Vapour phase synthesis methods are generally divided to physical vapour deposition (PVD) 
and chemical vapour deposition (CVD). PVD use physical process to transform the target into 
the gaseous state by either thermal evaporation or an impact process, as shown in Figure 1.11.
57
  
 
Figure 1.11. Overview of PVD process.57 
 
    The thermal evaporation technique is a simple process where source materials (condensed or 
powder) are vaporized by heating, and then the resultant vapour condensed to form the desired 
product.
58
 The depositions are usually conducted in a tube furnace (Figure 1.12).
58
 The 
morphology and phase of products depend on the deposition conditions and source materials.
58
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Previously, Smith successfully prepared nanowires of WO3 via a thermal evaporation process at 
500 mTorr with WO3 powders on tungsten substrate, with the temperature set to 675 °C in the 
substrate zone and 685 °C in the source zone with a flow rate of air from 0.1 to 5 sccm (standard 
cubic centimetres per minute).
59
 
 
Figure 1.12. Schematic diagram of experimental apparatus for thermal evaporation. An enlarged diagram of the 
substrate enclosed in the dotted-line circles shown at the bottom, where several alumina strip plates were placed 
downstream. The temperature decreases gradually from left to right, giving three temperature regions (high (H.T.), 
medium (M.T.) and low (L.T.)).58 
 
Sputtering is a very common PVD process in which desired atoms are ejected from a target 
bombarded by energetic particles (e.g. plasma) (Figure 1.13).
60
 The general mechanism of 
sputtering deposition is that single atoms, molecules or clusters are produced from a target solid 
bombarded by ions or atoms with keV energy, and then deposited on the substrate.
57
 A glow 
discharge or radio frequency magnetron (Rf magnetron) is used as the ion source.
57
 Previously, 
Nanba reported that Rf magnetron sputtering method has been used to prepare WO3 thin films 
on ITO coated glass substrates using a metallic tungsten target in a mixture of Ar and O2 at a 
total pressure of 7.0×10-3 Torr.61 
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Figure 1.13. Schematic diagram of Rf-magnetron sputtering system.60 
 
The CVD process involves the dissociation and/or chemical reactions of gaseous reactants in 
an activated (heat, light, plasma) environment, followed by the formation of a stable solid 
product.
62
 The depositions are conducted in a cold wall or hot wall reactor (Figure 1.14 and 1.15 
respectively).
63,64
 There are various CVD methods including thermally activated chemical 
vapour deposition, plasma enhanced chemical vapour deposition (PECVD), photo-assisted 
chemical vapour deposition, atomic layer epitaxy, metalorganic chemical vapour deposition 
(MOCVD), pulsed injection MOCVD, aerosol assisted chemical vapour deposition (AACVD), 
flame assisted chemical vapour deposition and electrochemical vapour deposition.
62
  
 
Figure 1.14. Schematic diagram of the set-up of the cold-wall CVD apparatus.63 
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C.Blackman and I.Parkin fabricated WO3 films by atmospheric pressure chemical vapour 
deposition (APCVD) reaction of WCl6 with various reactants including ethanoic anhydride, 
ethanoic acid, ethyl ethanoate, methanol, ethanol, 2-propanol, 2-methyl-2-propanol and water 
on glass substrate obtaining monoclinic WO3 with different morphogies.
65
 
 
Figure 1.15. MOCVD hot-wall reactor scheme.
64
 
 
PECVD has been used to fabricate WO3 thin films due to the advantages of low temperature 
and relative high deposition rate (Figure 1.16).
66
  The precursor source of gaseous WF6, O2 and 
H2 were excited and reacted in the plasma chamber which was supplied by a 300w rf power 
operating at 13.56 MHz:
67
   
𝑊𝐹6 + 2𝑂2 + 3𝐻2  → 𝑊𝑂3 + 6𝐻𝐹 + 𝐻2𝑂    (1.1) 
 
Figure 1.16. Simplified schematic diagram of the PE-CVD apparatus illustrating the essential components of the 
system.66 
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1.1.4 Growth Mechanism of Tungsten Oxide Nanorods 
The study of film growth has produced several growth modes and theories based on 
thermodynamics and kinetics. In the 1870s and 1880s, J.W. Gibbs applied the idea of 
thermodynamic reasoning to a surface to give a description of the concentration profile of any 
elemental or molecular species varying from one level at phase 1 to another level at phase 2 
using thermodynamic potentials from the contributing phases 1, 2 plus a surface term.
68
 An 
imaginary dividing surface  can be defined between a surface of bulk material and a vapour on 
that surface whose thermodynamic properties scale with its area.
68
 Therefore a specific shape of 
a small crystal at a particular temperature depends on minimisation of total energy of each 
crystal faces based on Wulff theorem.  
Subsequently, there are three growth modes which were introduced by Bauer in 1958 as 
shown in Figure 1.17.
69
 Frank–van-der-Merwe (FM) or layer-by-layer growth arises when the 
adatoms favour depositing on the substrate rather than themselves. In the opposite case, the 
adatoms prefer to deposit on themselves rather than the substrate as described by Volmer–
Weber (VW) or island mode. In a much more common case, layers formed at first, and then 
formation of islands occurs on that layer are described by Stranski–Krastanov (SK) or layer-
plus-island growth mode.
68
 Originally, Bauer judged which growth modes occurred by surface 
energies of deposited materials A (𝛾𝐴) and B (𝛾𝐵) and the interface energy (𝛾
∗).
68
 If 𝛾𝐴 < 𝛾𝐵 +
𝛾∗, thin films grow based on VW layer mode, and vice versa for FM island mode, and if the 
interface energy increases with increasing of film thickness, SK layer-plus-island occurs e.g. 
formed layer is strained to fit the substrate.
68
 Venables showed these three growth modes have 
their thermodynamic counterpart corresponding to various adsorption isotherms.
69
 In FM island 
mode, due to fast re-evaporation from weak bond formation with the substrate, low 
concentrations of absorbed atoms need a large positive chemical potential change, ∆𝜇 > 0 
(saturation) to nucleate before occupying one mono-layer (ML); during VW layer growth, the 
process of layer depositing on layer always occurs under negative ∆𝜇 < 0 (under saturation); in 
34 
 
SK layer-plus-island growth, after finite layers are formed under saturation, the super saturation 
is reached causing the deposit to nucleate.
69
 
 
Figure 1.17. Schematic representation of the three growth modes, as a function of the coverage (θ) in ML (Mono-
layer): (a) island, or Volmer–Weber growth; (b) layer-plus-island, or Stranski–Krastanov growth; (c) layer-by-layer, 
or Frank–van der Merwe growth.69 
 
In order to understand which growth mode is selected, the terrace-step-kink (TSK) model has 
been used to describe the atomistic mechanism of crystal growth. It is based on the idea that 
atoms on the crystal surface in different sites (terrace, step and kink) have various numbers of 
bonds with neighbouring atoms, which results in different energy required to remove an atom 
and hence influence atom diffusion, nucleation and crystal growth (Figure 1.18).
68,70
 Therefore, 
in this model, compared to bulk atoms, atoms in different sites of terrace, step and kink have an 
extra energy of et, es and ek respectively (normally 𝑒𝑡 < 𝑒𝑠 < 𝑒𝑘). Moving the kink around the 
surface maintain the surface energy unchanged due to unchanged amount of terrace, step and 
kink atoms, and hence it is a repeatable step of constructing a crystal.
68
 Practically, crystals were 
considered growing on a vicinal or stepped surface which consists of many flat terraces 
separated by steps of atomic height.
71
 Burton, Cabrera, and Frank (BCF) discussed crystal 
growth on vicinal surface developing an analytical model for growth of crystals by step 
movement.
72,73
 The mechanism was that adatoms diffusing on a terrace were captured and 
incorporated into the step edge subject to the following assumptions: 1) the effect of the moving 
boundary was ignored, 2) at the step edge, the concentration was at equilibrium and 3) between 
atoms there was no interaction and reaction.
72,73
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Figure 1.18. The TSK model of a surface defined for a simple cubic crystal. The white circles represent atoms of the 
substrate. The dashed line indicates the location of a step separating the upper and the lower terraces, with a kink 
along the step. The step-down direction is from left to right. The black circles are atoms adsorbed on the terraces.70 
 
Venables introduced a kinetic theory to describe atomic processes of the nucleation and 
growth in thin films concentrating on activation energies for every step occurring on a defect-
free surface.
68,74
  The schematic diagram of atomic processes shown in Figure 1.19 show the 
following processes:  
(a) Atoms from vapour arrive on substrate with an arrival rate R in units of molecules m
-2
s
-1
 
given by
71,75
 
𝑅 =  1
4
𝜌𝑛𝑣𝑚 = 
1
4
 
𝑃
𝑘𝑇
√
2𝑘𝑇
𝜋𝑚
= 
𝑃
√2𝜋𝑚𝑘𝑇
    (1.2) 
where 𝜌𝑛 is number density of atoms in vapour (treated as an ideal gas) calculated by 
𝑃
𝑘𝑇
 based 
on equation of state for ideal gases (𝑃𝑉 = 𝑛𝑅𝑇). 𝑣𝑚  is the mean speed of atoms in vapour 
determined by the Maxwell Boltzmann distribution equalling to √
2𝑘𝑇
𝜋𝑚
. P is the vapour pressure, 
m is the atomic mass, k is Boltzmann’s constant and T the absolute temperature of vapour.  
    (b) At high temperature those adatoms can only stay for a short time the substrate, 
(adsorption residence time, 𝜏𝑎) before re-evaporation
68,75
  
𝜏𝑎
−1 = 𝜐𝑎𝑒𝑥𝑝 (−𝐸𝑎/𝑘𝑇)    (1.3) 
where 𝜐𝑎 is an atomic vibration frequency with order 1 to  10 THz and Ea is the adsorption 
energy. 
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    (c) During the absorption residence time, these adatoms migrate over the substrate with 
diffusion coefficient D
75
 
𝐷 = (𝜐𝑑𝑎
2 4⁄ )exp (−𝐸𝑑 𝑘𝑇⁄ )    (1.4) 
where α is the jump distance with the order of the surface repeat distance 0.2 to 0.5 nm. The 
adatoms diffuse with diffusion energy of 𝐸𝑑 and frequency of 𝜐𝑑. 
    (d) The diffusing adatoms can meet each other or attach to an existing island to nucleates 
forming cluster with rate J
68
 
𝐽 =  𝜎𝑖𝐷𝑛1𝑛𝑖    (1.5) 
where σi  is the capture number describing the adatoms diffusing to the critical or sable cluster, 
n1 is the number density of adatoms which is equal to 𝑅𝜏𝑎  when only re-evaporation is 
considered, ni the density of critical nuclei is equal to
68
 
𝑛𝑖  =  𝐶𝑖𝑛1exp (𝐸𝑖 𝑘𝑇⁄ )    (1.6) 
where Ci is a statistical weight of order 1-10 and Ei  is the free energy of the critical cluster when 
on the perfect substrate.
68,69,71,76
 
 
Figure 1.19. Schematic diagram of processes and characteristic energies in nucleation and growth on surfaces.69 
 
Generally, 1D nanorod growth is achieved by anisotropic material deposition or growth with 
relative fast growth along one axis or/and a plane based on two main mechanisms: vapour-
liquid-solid (VLS) and vapour-solid (VS).
77
 The mechanism of VLS has been well studied as a 
catalyst assisted method, though the fundamental understanding of VS is still controversial.
77
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Recently, the planar-defect-driven growth mechanism was introduced as a supplement to the 
screw-dislocation-driven VS method.
78
 
The VLS mechanism was introduced by Wagner and Ellis (1964) who fabricated Si whiskers 
using small Au particles deposited on a {111} surface of a Si wafer as a catalyst, forming small 
droplets of Au-Si alloy at 950 °C as shown in Figure 1.20a.
79
 Consequently, the liquid alloy 
acted as a favoured site or a catalyst for the deposition of Si atoms produced by reaction of H2 
and SiCl4, with the Si atoms forming a crystal at the interface between the solid Si and the liquid 
alloy droplet.
79
 As these processes repeat, the Si crystal grows along the <111> direction until 
the Au is consumed or the growth conditions varied as presented in Figure 1.20b.
79
 Fabrication 
of WO3 nanowires based on a VLS mechanism has been reported using a thin Au film (5 nm) as 
a catalyst, growing on W films (0.5 μm) on Si substrate via CVD at 450 to 600 °C and 5000 – 
9000 Pa.
80
  
 
Figure 1.20. VLS mechanism of growth of a silicon crystal: a) Initial condition with liquid droplet on substrate; b) 
Growing crystal with liquid droplet at the tip79. 
 
The difference between VLS and VS is that in VS mechanism there is no catalyst to form a 
liquid alloy, atoms are deposited from vapour directly on the crystal.
81
 The VS process is not 
fully understand, although there are many mechanisms used to explain the mechanism of VS 
such as screw-dislocation-driven, solid-phase growth and planar-defect-driven growth 
mechanisms.  
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As shown in Figure 1.21, crystal growth based on screw dislocations can lead to 1D structure 
due to the spiral growth perpendicular to surface. Burton et al. considered that when new layers 
are added, the direction of the dislocation remains perpendicular to the surface to minimize the 
elastic energy.
82
 The growing spiral forms a low cone if the speed of advance of a step is 
independent of its orientation, otherwise the growing spiral forms a pyramid as the speed of 
advance of a step depends on its orientation.
82
 The step winds up in a spiral due to dislocation 
occurring at a faster rate as supersaturation increases.
82
 When the curvature at the centre gets to 
a critical value, the rate of step advance decreases to zero resulting in spiral rotation with 
stationary shape.
82
 Recently, screw dislocation-driven growth was evoked to explain 
development of PdS and CdS NWs via CVD.
83
  
 
Figure 1.21. Growth pyramid due to a single screw dislocation.
82
 
 
The solid-phase growth mechanism of WO3 nanowires was proposed by Kojima etc. who 
prepared NWs via Rf-magnetron sputtering.
84
 As shown in Figure 1.22, an amorphous WO3 
layer was formed on the surface of a W layer due to annealing in O2, and then nucleation of 
nanowires occurred at irregular sites on the W surface, and subsequently WO3 molecules 
diffused onto the nucleus leading to nanowires growth.
84
  
 
Figure 1.22. Schematic of the solid-phase growth model proposed in this study.
84
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A planar-defect-driven growth mechanism was proposed by Smith. whereby the metallic 
tungsten layer was oxidized, and then a substoichiometric tungsten oxide film formed with 
defects which can coalesce to form the nucleus of tungsten oxide nanowires which subsequently 
promote deposition of vapour species leading to NW growth (Figure 1.23a).
59
 As the saturation 
of vapour species increase and O2 is introduced, polycrystalline growth was observed due to the 
formation of fully oxidised tungsten oxide depleting the defects in the film as shown in Figure 
1.23bc.
59
  
 
Figure 1.23. Schematic of a proposed growth mechanism. (A) NW synthesis illustrating defect-driven growth. (B) 
Growth of polycrystalline films under increased supersaturation or oxygen partial pressure. (C) Growth of 
polycrystalline films on WO3.
59  
 
    To understand the mechanism of 1D nanostructure growth via a VS mechanism, the key point 
is to find out the driving force for anisotropic growth. In the screw-dislocation driven 
mechanism the driving force is the generation of a dislocation spiral step due to the velocity of 
the step at the dislocation core being greater than that at the outer edge.
83
 However the screw-
dislocation driven mechanism for explaining the VS process of tungsten oxide NW growth 
during CVD is controversial. Recently, Z. Zhang et al. showed a real-time observation of 
tungsten oxide NW growth via an environmental transmission electron microscopy (TEM). In 
that observation, during NW growth no step was found on the tip terrace as expected for the 
screw-dislocation driven mechanism, instead, the 1D growth of W18O49 was attributed to the 
minimization of surface free energy resulting in a higher growth rate along the [010] direction 
40 
 
((010) with higher surface free energy -33.03 eV) than other directions such as [100] and [001] 
((100) -33.44 eV, (001) -33.25 eV).
85
 In the planar-defect-driven mechanism, the nuclei of 
substoichiometric tungsten oxide such as W18O49 are formed via partial oxidation of a metallic 
W film resulting in planar defects appearing and limiting the growth rate in the directions 
perpendicular to the NW growth direction.
59
 Alternatively, in the solid-phase growth mechanism, 
the NW nuclei are formed at irregular points on the metallic W thin film and at the interface 
between metallic W and a tungsten oxide thin film.
84
 
 
1.2  Aerosol Assisted Chemical Vapour Deposition 
1.2.1 Overview of AACVD 
CVD technology has been widely used to synthesise thin films, coatings and powders.
62
 
However, traditional CVD can be limited by the lack of volatile precursors and the difficulty of 
controlling the stoichiometry of the deposition.
86
 Compared to traditional CVD, AACVD has 
several potential advantages as following: a wide choice of commercially available precursors 
whose primary requirement is to be able to dissolve in solvent rather than to be volatile at 
relatively low temperature; simplification of the delivery and vaporization of precursors due to 
aerosol delivery; high reaction rate; a more flexible reaction environment; simplification of the 
synthesis of multicomponent products with precise stoichiometric control.
62
 
As demonstrated in Figure 1.24, the process of AACVD involves the atomization of a liquid 
precursor solution into aerosol droplets by ultrasonic aerosol generation, pneumatic aerosol jet 
or electrostatic aerosol atomization, distribution throughout a gaseous medium, and then 
transportion by carrier gas into a heated reaction zone where the solvent rapidly evaporates 
and/or decomposes and the precursor evaporates. Finally, the desired products (under moderate 
temperature heterogeneous reaction occurs in order to form a film with good adhesive strength, 
whilst at higher temperature homogeneous reaction is favoured to form powders) are able to be 
synthesized via decomposition or other chemical reactions of the vaporized precursor.
86
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Figure 1.24. Schematic diagram of the AACVD process for the deposition of films and powders.86 
 
The most popular equipment for aerosol generation in AACVD is ultrasonic, using a high-
frequency electrical field to vibrate a transducer to physically form fine droplets of solution with 
diameter d described as 
𝑑 =  𝑘 (
2𝜋𝛾
𝜌𝑓2
)
1
2     (1.7) 
where f is the excitation frequency of the transducer, k is a constant, ρ is density of solution and 
γ is the surface tension of the solution.79  
AACVD is particularly suitable to fabricate simple and multicomponent metal oxides with 
various surface morphologies for potential application in optics, electronics, solid oxide fuel 
cells, superconductors, catalyst and biomaterials.
86
 Highly oriented crystalline metal 
chalcogenide films were able to be produced by AACVD using single source precursors.
86
 In 
addition, metallic alloy films with controllable composition have been deposited by AACVD.
86
 
Nano composite thin films have been formed by co-deposit of particles and matrix 
simultaneously. Recently, AACVD has been used to synthesize carbon-nanotubes (CNT) due to 
the simplicity of obtaining good quality CNT.
86
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1.2.2 Synthesis of Nanostructured Tungsten Oxide via AACVD 
Many different types of precursors for fabrication of tungsten oxide thin films via AACVD have 
been reported. Two polyoxotungstate anions [n-Bu4N]2[W6O16] and [n-Bu4N]4H3[PW11O39] 
were used to deposit blue tungsten oxide (WOx) films at 410 and 480 °C respectively via 
AACVD as shown in Figure 1.25.
31
 Tungsten hexaaryloxide complexes of formula W(OAr)6 
(Ar = C6H5, C6H4F-4 and C6H3F2-3, 4) synthesized by the reaction of W(O)Cl4 and ArOH, were 
used to produce WOx at 300 to 500 °C.
87
 Monomeric tungsten oxo-aminoalkoxides 
W(O)(OR)3(L) [L = O(CH2)nNMe2; n = 2 (dmae) and 3 (dmap)] deposited WOx thin films via 
AACVD at 260 to 450 °C.
88
 In addition W(CO)6 has been used to deposit nanostructured 
tungsten oxide thin films showing various morphologies with different solvents as shown in 
Figure 1.26.
11
  
 
Figure 1.25. Scanning electron micrographs of tungsten oxide films deposited from AACVD reactions of 
[nBu4N]3[WO4] (a), and [
nBu4N]2[W6O19] (b) at 550 °C and 0.5 L min
–1, including inset at higher magnification 
showing the needle-like agglomerates, and their corresponding size-distributions..11 
Vallejos etc. conducted a series of depositions of tungsten oxide thin films by AACVD with 
different parameters such as temperature and solvents showing the change of morphologies as 
presented in Figure 1.26.
89
 The conclusion revealed that solvents played a very important role 
for the morphologies of formation of tungsten oxide and deposition temperature affected the 
crystal orientation and crystalline phases.
89
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Figure 1.26. Scanning electron micrographs of tungsten oxide films deposited from the AACVD reactions 
of [W(CO)6] in acetone, a, and methanol, b, at 400 °C and 2 L min
−1
. The film deposited using acetone, a, 
has a microstructure composed of spherical particles coalesced together and is similar to the morphology 
of films deposited using acetonitrile, toluene and a 50:50 mixture of toluene. The film deposited from 
methanol, b, has a microstructure comprising a network of needles randomly orientated with respect to the 
substrate. Part c and d show a cross-section of the film and the film post-annealing respectively.
11
 
Kim etc. reported growth of WOx films and nanorods using oxo-alkoxide tungsten (IV) 
compounds, WO[OCCH3(CF3)2]4 and WO[OC(CH3)2CF3]4 as precursors via AACVD.
90
 At 
different deposition temperature (200 to 400 °C) by using different precursors the tungsten 
oxide thin films presented varying morphologies as shown in Figure 1.27.
90
 It revealed that 
substoichiometric amorphous tungsten oxide thin films were grown below 250 °C and between 
300 to 350 °C, nanorods (NRs) with long straight sides and flat circular end were observed on 
the amorphous films, and above 400 °C the fully developed tungsten oxide NR structure was 
found.
90
  
 
Figure 1.27. Top-view and cross-sectional (insect) SEM images of materials grown with precursor at 
WO[OCCH3(CF3)2]4 at  (a) 250 °C, (b) 300 °C, (c) 350 °C, (d) 400 °C and WO[OC(CH3)2CF3]4 at  (e) 250 °C, (f) 
300 °C, (g) 350 °C, (h) 400 °C with diglyme and N2 carrier gas (all the scale is the same).
90 
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1.2.3 Synthesis and application of Tungsten Oxide based heterogeneous 
Junction thin film material via AACVD 
Applications of metal particles supported on a semiconductor for CO oxidation, water splitting 
and environmental protection have shown better performance than a plain semiconductor.
91
 
However, typical synthesis methods use organic agents such as polymers and surfactants which 
form an organic layer at the interface between the metal particles and the supports, leading to 
poor interfacial contact and resulting in poor charge separation efficiency and transport.
91
 To 
remove that organic layer, thermal treatment has been used to oxidise the layer, though this 
method normally results in a change in either the size or morphology of particles and reduces 
the catalytic efficiency.
91
 Therefore, Xi et al proposed a new method for growth of metal 
particles on WO3 via an in-situ reduction of oxidative metal salt precursors on weakly reductive 
WO2.72, as shown in Figure 1.28.
91
 
 
Figure 1.28. Schematic Procedure for in Situ Loading of Metal Particles on WO3.
91 
 
As presented in Figure 1.29, Pt/WO3, Ag/WO3, Rh/WO3 and Au/WO3 have been successfully 
synthesized via this in-situ growth method in the liquid phase providing improved 
photocatalytic degradation of toxic pollutant.
91
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Figure 1.29. TEM images of metal/WO3 composites: (a) Pt/WO3 (0.9 wt%, <1 nm), (b) Au/WO3 (1.1 wt%, <1 nm), 
(c) Rh/WO3 (1.0 wt%, <1 nm), (d) Ag/WO3 (0.8 wt%, <1 nm).
91 
 
Vallejos and Blackman etc. reported a single step deposition of noble metal nanoparticles 
(NP) functionalised tungsten oxide nanoneedles (NN) with a sharp point at top end via 
AACVD.
92,93
 In comparison to liquid phase synthesis, the advantages of AACVD method 
includes greater purity, continuous mode operation and higher throughput, providing better 
homogenous coverage of the metal particles on the oxide supports compared to physical 
methods such as sputtering or thermal vapour deposition.
92
 As shown in Figure 1.30, Au and Pt 
NPs functionalized tungsten oxide have been successfully synthesized via single step deposition 
by AACVD with the materials providing improved sensing characteristics to H2 and CO.
93
  
 
Figure 1.30. HR-TEM and size distribution of the non-functionalized (a) and functionalized samples with gold (b), 
platinum (c), and gold/platinum (d) NPs after annealing.93 
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Recently, Annanouch et al firstly reported Cu2O NP decorated WO3 NNs via AACD with 
precursors W(CO)6 and Cu(acac)2 dissolved into methanol and chloroform respectively, 
demonstrating improved gas sensing to H2S, as shown in Figure 1.31.
94
  
 
Figure 1.31. TEM and HRTEM images of the obtained Cu2Ofunctionalized WO3 NNs: (a and b) low magnification; 
(c and d) high magnification.94 
 
1.3 Catalyst and Photocatalyst 
1.3.1 Catalyst Properties of Noble Metals and Noble metal/Metal Oxide 
heterogeneous Materials and Their Applications 
1.3.1.1 Platinum (Pt)  
Since 1831 Pt has been used as a catalyst for sulphuric acid manufacture and it plays an 
important role as a catalyst in a wide variety of applications in the petrochemical industry, 
automobile exhaust purification, and fuel cells.
95
 In terms of the low abundance and high cost 
researchers around the world are working on finding out effective alternatives to Pt as a catalyst 
or efficient utilisation of Pt, and in particular the relationship between the size/shape of Pt 
nanoparticles/nanocrystals and their catalytic activity, selectivity and stability. 
H2 is a clean energy source, which combusts to produce only water. One way to produce H2 
involves ‘hydrogen evolution reaction’ (HER) in which protons chemisorbed on the surface of a 
47 
 
metal electrode (also acts as a catalyst) transport from an electrolyte solution and then are 
reduced to produce H2. The performance of the catalyst relies on the Gibbs energy of proton 
absorption on the surface of catalyst, ∆𝐺𝐻, for which the absolute value approaching to zero 
corresponds to better performance.
96
 Pt has ∆𝐺𝐻 = −0.1 𝑒𝑉 and is a very good catalyst for 
HER. Greeley et al. used DFT calculations to search for potential and effective alternatives to Pt 
as a catalyst by calculating ∆𝐺𝐻  for 736 binary alloys, proposing the BiPt is one of most 
promising candidates with ∆𝐺𝐻 = −0.04 𝑒𝑉.
97
 Therefore, Pt is still one of best catalysts for 
HER. 
    The control of grain size and shapes of Pt nanocrystals are able to be achieved via different 
synthesis techniques by varying precursor, solvent, and reaction condition and parameters.
98
 The 
catalytic and electrocatalytic activity depends on not only the grain size (smaller grain size 
increase the ratio of surface area to volume), but also the structure of nanocrystals on the 
surface.
99
 Pt, as well as Au, Pd, Pt, Rh and Ir, has a face-centred cubic (FCC) structure,
99
 and 
normally Pt nanocrystals with surface defined by high-index planes demonstrate greater 
catalytic activity than those defined by low-index planes. This is because high-index planes 
have a high density of atomic steps, leading to low-coordinated atoms which serve as active 
sites where the reactant molecules more easily interact to break chemical bonds, whereas low-
index plane result in close packed atoms with less catalytic activity.
100
 
 
Figure 1.32.  Schematic illustration of different shapes of Pt nanocrystals derived from conventional single-crystal 
polyhedrons enclosed by the low-index planes (100) and (111).The first column represents the perfect polyhedrons, 
while the second column contains the truncated forms of the perfect polyhedrons. The third and fourth columns 
compromise the overgrown nanostructures and highly branched nanostructures grown from the corners of the perfect 
polyhedrons, respectively. The yellow and blue colours represent the (100) and (111) facets, respectively.100 
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1.3.1.2 Gold (Au)  
Au has an FCC structure which is commonly terminated by (100), (110), (111) facets, similar to 
Pt.
99
 In the previous century gold was neglected from applications in catalysis due to two 
prejudices, firstly that gold is too expensive to be affordable to be applied in catalysis, and 
secondly that gold has the highest normal potential (1.48 eV) towards oxidation among all other 
metals.
101
 But since 1973, after a paper of the hydrogenation of olefins over supported gold 
catalysts was published, this changed was dramatically.
102
 Haruta et al. firstly reported that gold 
acted as a catalyst for CO oxidation showing activity even at temperatures as low as -70 °C.
103
 
Hutchings showed gold was a potential catalyst for selective acetylene hydrochlorination.
104
 
When the diameter is below 3.5 nm, gold particles show catalytic activity, for instance Au NPs 
with diameter ~1.4nm demonstrate efficient catalytic activity for the selective oxidation of 
styrene by dioxygen.
105
 This is attributed to the Au NPs being able to dissociate chemisorbed O2 
to yield oxygen adatoms for subsequent reactions.
105
  
 
1.3.1.3 Palladium (Pd) 
Pd also crystallizes in an FCC unit with frequent exposure of (100), (110) and (111) facet, 
which produce different catalytic activity and selectivity.
106
 For instance, due to a more open 
surface and higher sticking probability the (110) facet provides better adsorption and activation 
of hydrogen, leading to the turn over frequency (TOF) for selective hydrogenation of 1,3-
butadiene on (110) planes increasing five times over that on (111) planes.
107,108
 When the 
diameter is approximately 1.3 – 1.9 nm, Pd NPs show better catalytic properties for alkene 
hydrogen via the Horiuti-Polanyi mechanism involving dissociating adsorbed H2.
109
 Pd NPs 
have also been reported to promote the hydrogen oxidation reaction and the oxygen reduction 
reaction (ORR) in alkaline media rather than OER and HER which is less reported.
110–112
 
Growth of the shapes of Pd nanocrystals largely depend on the crystallinity of Pd seeds.
113
 After 
nucleation, each type of Pd seed is able to still grow into a nanocrystals with several possible 
shapes depending on various experimental processes and conditions.
113
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1.3.1.4 Ruthenium (Ru) 
Ru crystallises in a hexagonal close packed (HCP) structure. A Ru based catalyst was used as 
the main catalyst in manufacture of cyclohexene via partial hydrogenation of benzene developed 
by the Asahi Chemical Company in 1988.
114
 A second famous example is that Kellogg, in 
cooperation with British Petroleum (BP), developed breakthrough ammonia synthesis 
technology known as the Kellogg Advanced Ammonia Process (KAAP) which introduced Ru 
as the main catalyst, achieving 20 times higher catalytic activity than the iron based catalyst 
used for over 80 years.
115
 
The catalytic activity and selectivity of Ru-based catalysts depends on: (1) the precursors 
used for synthesis, for example, a Ru catalyst prepared by the precursor Ru(CO)12 give two 
times higher catalytic activity for ammonia synthesis than a catalyst prepared usin RuCl3;
116
 (2) 
promoters used for modification of the surface of Ru, for example alkali metal nitrates used as 
promoters on a Ru/MgO catalyst in ammonia synthesis were shown to be more effective than 
alkali earth metal nitrates due to the lower electronegativity of the alkali metal applied;
117
 (3) the 
support used for dispersing the catalyst, which increase the ratio of surface area to volume, 
helps to avoid catalyst aggregation and provide a strong metal-support interaction; (4) 
preparative variables.
118
 
 
1.3.1.5 Palladium Oxide (PdO) 
Okamoto et al. demonstrated PdO showing it is a p-type semiconductor, which has an optical 
band gap in the range from 0.1 to 5.4 eV based on various reports.
119120
 Recently, PdO is found 
with CBM (-5.27 eV) and VBM (-6.29 eV) reference to TiO2 nanobelts (-4.21 vs. -7.41 eV), and 
the fermi energy value of PdO has been reported as -7.9 eV.
121
 PdO has also been reported as a 
catalyst for ORR (rather than OER).
122
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1.3.1.6 Ruthenium Oxide (RuO2) 
RuO2 and RuO2-based catalysts have been reported for applications in low-temperature 
dehydrogenation of small molecules, catalysing gas phase oxidation of HCl, as a electrocatalyst 
for CO oxidation reaction, and for OER.
123
 RuO2 has been found with metallic character with a 
work function around 6.2 eV.
124
 Recently RuO2 was used as a co-catalyst on PtOx/WO3 playing 
a role for promoting hole-extraction from WO3 VB to improve OER rather than water oxidation 
catalysis.
125
 
 
1.3.1.7 Metal Supported on Metal oxide Heterogeneous catalysts 
Supported-metal heterogeneous catalysts play an import role in automotive exhaust purification 
and gasoline octane improvement amongst other applications.
126
 The porous metal oxide 
support normally has a surface area of 200 m
2
/g or more, thus increasing the surface-to-volume 
of supported metal particles and hence providing greater catalytic utilization.
126
 In addition, the 
appearance of interaction between the particle metal and support, called the ‘strong metal-
support interaction’ (SMSI), as used in CO-H2 (Fischer-Tropsch) synthesis.
126
 SMSI was first 
reported by Roland Ward et al. who observed cations of noble metals incorporated into the 
lattice of BaTiO3 form strong bonds with titanium cations leading to ‘guest cations’ with 
flexible oxidation states in the range from +2 and +4 instead of forming metal-metal bonds, 
advantages for petroleum-related processes.
126
 The catalytic properties of supported metal 
particles are altered via changing the chemisorption properties by the SMSI state between metal 
particles and supports.
126
 In the case of the Fischer-Tropsch reaction the chemisorption of CO 
and H2 is strongly suppressed due to SMSI on support oxides of titanium, niobium, vanadium 
and manganese resulting in the change of the catalytic activities of metals Ru, Rh, Pd, Os, Ir and 
Pt.
126
 For example, the catalyst Ni/TiO2 showed 10 times greater activity than Ni/Al2O3, Ni/SiO2, 
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or Ni/C catalysts, and greater selectivity for formation of higher molecular weight products and 
less formation of nickel carbonyl.
127
 
    Supported metal catalysts normally consist of two components, the active metal particles and 
the support which are commonly oxides such as Al2O3, MgO, TiO2, WO3, SiO2, Fe2O3, CeO2.
99
 
Wet impregnation is a widely used method to prepare metal/metal oxide heterogeneous catalysts 
in which the metal oxide support soaks into a solution of metal salt, and then drying and treating 
by calcination are used to decompose the metal salt to form nanoparticles on the support.
128
   
     Maiyalagan reported fabrication of a film of platinum nanoparticles supported on tungsten 
oxide NRs by a hybrid method of template synthesis with an anodisc alumina membrane and 
conventional impregnation on a glassy carbon electrode.
129
 The Pt/WO3 NRs (Figure 1.33) 
showed 2 times greater activity of methanol oxidation than the commercial Pt/C, possibly due to 
the oxo-philic nature of WO3 cleaning the Pt surface by chemisorbing the intermediates (such as 
methanol) by forming hydrogen tungsten oxide bronzes, as following:
129
  
1) WO3 + xPt − H →  HxWO3  + xPt    (1.10) 
2) HxWO3 →  +xH
+ + xe− +  WO3    (1.11) 
 
 
Figure 1.33. TEM images of Pt/WO3 nanorods
129.   
 
An alloy of Au and Pd, discovered by Hutchings, led to a 25 times greater activity and 
selectivity than Au or Pd mono-metallic catalysts for oxidation of primary alcohols to 
aldehydes.
130
 Enhong Cao et al. studied oxidation of benzyl alcohol on 1 % Au–Pd /TiO2 
52 
 
catalysts using a micropacked-bed reactor where 95.5 % of benzyl alcohol was converted with 
78 % selectivity to benzaldehyde with catalyst sizes of 53-63 μm at 120 °C.131 
 
1.3.2 Photocatalyst Properties of Metal Oxide and Metal Oxides Heterogeneous 
Materials and Their Applications 
There is great interest in photodegradation of organic pollutants with oxygen, for example by 
titania particles dispersed in aqueous solution according to following the reaction:
132
 
Organic + O2  
TiO2
→  
hυ≥Eg
→     CO2 + H2O +  minal acides    (1.12) 
    Semiconductor photocatalysis is activated by absorbing photos with energy > Eg promoting 
an electron from VB into CB and  generating of an electron and a hole in the CB and VB 
respectively, with these charge carriers (an electron or/and a hole) reacting with absorbed 
organic species before deactivation via electron-hole recombination.
133
 
Consequently, semiconductor photocatalysis could potentially be applied in water 
purification. Compared to the predominant technologies currently used such as air-stripping and 
carbon absorption with problems of air pollution and production of hazardous solids 
respectively, water purification by semiconductor photocatalysis could be incorporated into 
existing UV water purification systems avoiding those problems and producing only carbon 
dioxide, water and mineral acids.
133
  
However, scaling up of semiconductor photocatalysis is not simple due to photocatalyst 
particle filtration and recovery.
132
 Therefore, the creation of self-cleaning surfaces on glass, tiles 
and tent fabric has been essential for many large commercial products, especially, self-cleaning 
glass with a photocatalytic surface layer of titania manufactured by Pilkington glass (Activ
TM
), 
St-Gobanin (Bioclean
TM
) and PPG (SunClean
TM
).
132
 To assess the activity of a self-cleaning 
photocatalyst film, Mills et al. introduced the stearic acid (SA) test. SA is an ideal chemical  for 
photocatalyst testing due to its stability under UV irradiation without a photocatalyst, easy 
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deposition from a methanol or chloroform solution and the zero order kinetics of decomposition 
which can be monitored by FT-IR.
132
 The general reaction of SA destruction by a titania thin 
film,  
CH3(CH2)16CO2H+  26O2  
TiO2
→  
hυ≥Eg
→     18CO2 + 18H2O    (1.13) 
is commonly studied through FT-IR absorption to monitor the disappearance of the SA film, 
which strongly absorbs in the region 2700 to 3000 cm
-1
 with peaks at 2958 (C-H asymmetric 
stretching in the CH3 group), 2923 (C-H asymmetric stretching in the CH2 group) and 2853 cm
-1
 
(C-H symmetric stretching in the CH2 group).
132
  In order to compare activity of SA destruction 
by various photocatalyst films the initial formal quantum efficiency (FQE) is calculated via 
𝐹𝑄𝐸 (𝑆𝐴) =  
𝑟𝑎𝑡𝑒 𝑜𝑓 𝑟𝑒𝑚𝑜𝑣𝑎𝑙 𝑜𝑓 𝑆𝐴 (𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠 𝑠)⁄
𝑟𝑎𝑡𝑒 𝑜𝑓 𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑙𝑖𝑔ℎ𝑡 (𝑝ℎ𝑜𝑡𝑜𝑛𝑠 𝑠⁄ )
    (1.14) 
with a conversion factor 9.7 × 1015 molecules of SA in 1 cm-1 integrated areas of SA peaks 
(2700 – 3000 cm-1) in the FT-IR.132  
Mills et al. proposed that Pilkington Activ
TM
 used for SA test can be a reference for 
semiconductor thin film photocatalyst, with FQE (SA), 0.7 × 10−5  molecules per photon, 
under 365 nm UV irradiation, (compared to commercial P25 TiO2 (mixture of anatase 70% and 
rutile 30%)), 15.3 × 10−5 molecules per photon.134  Quesada-Cabrera et al. prepared N-doped 
TiO2 (N-TiO2) thin films by CVD with FQE (SA) up to  2.77 × 10−4 molecules per photon 
possibly due to a highly oxidising N-O radical being involved in the photodegradation 
reaction.
135
 Subsequently, N-TiO2 multiple layer stratified thin films fabricated via APCVD by 
Sotelo-Vazquez et al. gave FQE (SA) close to 2.5 × 10−3 molecules per photon attributed to 
the combined effects of high charge carrier photogeneration and mobility, and also low carrier 
recombination between doped and undoped regions of the stratified films.
136
 However, not all 
the non-metal dopants can improve photodegradation of SA on TiO2, e.g. phosphorus doped 
TiO2 (P-TiO2) synthesized by APCVD containing both P
5+ 
and P
3-
 reported by Sotelo-Vazquez 
et al. demonstrated higher electrical conductivity relating to P
5+ 
species but lower photocatalytic 
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activity due to the fast recombination of photogenerated charges attributed to P
3-
 species doped 
in TiO2.
137
 
    Enhancing charge carrier separation is an effective way to improve photocatalytic activity of 
thin films. Noimark et al. functionalised titania nanoparticles with gold providing two times 
greater activity than plain titania thin films.
138
 Layered anatse-rutile titania thin films with defect 
free contact between two phases, was successfully synthesized via APCVD by Quesada-Cabrera 
et al. promoting electron transport from the rutile phase to the anatase phase and hence 
enhancing the photocatalytic activity (FQE (SA) about 1.2 × 10−3 molecules per photon).139 
The photogradation of SA involves two photoreactions: (1) the intermediate hydroxyl (·OH) 
radicals which are generated by photo-oxidising H2O, and (2) the hydroperoxy (HO2·) radicals 
which is generated by photo-reducing O2.
133
 Photocatalytic degradation of organic pollutants 
can proceed indefinitely when both of these radicals are able to participate in degradation 
reactions.
140
 The VB maximum potential of tungsten oxide is sufficiently positive (vs. NHE) to 
photo-oxidise H2O to ·OH, but the CB minimum potential is insufficiently negative (vs. NHE) 
to photo-reduce O2 to HO2·, as a result that bulk tungsten oxide is inactive for photodegradation 
of SA.
133,141
 Consequently, a TiO2/WO3-x (x=0 to 0.3) heterojunction thin film, which was 
synthesized via CVD with sequential steps by Quesada-Cabrera et al., demonstrated enhanced 
photocatalytic activity in SA test compared to those single layer titania or substoichiometric 
tungsten oxide respectively, due to enhanced charge separation by the heterojunction by 
transporting electrons from the higher energy CB of titania and holes from the lower energy VB 
of the tungsten oxide to higher energy VB of titania.
142
  
 
1.4 Thin Film Characterisation Techniques 
1.4.1 X-ray Diffraction  
XRD is an analytical technique normally non-destructive used to determine the atomic and 
molecular structure of a crystal, chemical composition and physical properties by observing the 
intensity and the angles of characteristic X-ray beam scattering from crystalline material.
143
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Bragg’s proposed the simple expression: 
𝑛𝜆 = 2𝑑ℎ𝑘𝑙𝑠𝑖𝑛𝜃    (1.8) 
where λ is the wavelength, n is the order of reflection, dhkl is the lattice plane spacing and θ is 
the angle of incidence/reflection to the planes envisaging that crystals comprise of layers of 
atoms which strongly reflect incident X-ray with the path differences between those reflections 
being equal to an integer number of wavelengths.
143
 Actually, it is the electrons in the atoms that 
scatter the X-rays.
143
  
 
1.4.2 X-ray Photoelectron Spectroscopy 
XPS is a surface chemical analysis technique that is used to do quantitative and qualitative 
analysis of the surface of materials, and the chemical and electronic states of the elements in 
materials. The mechanism of XPS is that the X-ray is directed onto the surface of the samples 
(≤10 nm) ejecting core electrons from each element with the kinetic energy and number of 
photoelectrons with that energy recorded in the XPS spectrum. The binding energy of the peak 
is unique for each element when the chemical and electronic state is constant.
144
 The binding 
energy EB can be obtained from the expression 
𝐸𝐵 =  ℎ𝜐 − 𝐸𝑘 −𝑊    (1.9) 
where ℎ𝜐 is the energy of photon, Ek is the kinetic energy of electron and W is the spectrometer 
work function.
144
 
 
1.4.3 Ultraviolet-Visible Spectroscopy  
UV-Vis spectroscopy is applied in analytical chemistry for the quantitative analysis of different 
analytes, such as transition metal ions, highly conjugated organic compounds, and biological 
macromolecules. Spectroscopic analysis is commonly carried out in solutions but solids and 
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gases may also be studied.
145
 The π-electrons or non-bonding electrons of molecules can absorb 
the energy in the range of ultraviolet and/or visible light exciting those electrons to higher 
energy orbitals, hence the absorption spectrum of semiconductors obtained from UV-Vis 
spectroscopy can be used to determine the bandgap or optical gap. The Tauc plot, (αℎv ֺ)n vs ℎv 
where α is absorption coefficient and n=1/2 for a direct band gap, n=2 for indirect bandgap, is 
constructed to estimate the band gap of a semiconductor.
146
  
 
1.4.4 Scanning Electron Microscopy 
SEM is an electron microscope that records images of surface topography of materials by non-
contacted scanning of the surface of samples with a focused beam of electrons. In a typical SEM 
an electron beam, which is produced by thermionic or field emission methods, is focused by one 
or two electromagnetic lens in order to interact with the sample in a high vacuum environment. 
The signals produced by SEM include secondary electrons (SE), back-scattered electrons (BSE), 
characteristic X-rays and light (cathodoluminescence) (CL). The most common image of SEM 
is formed by the collecting secondary electrons inelastic scattering from interaction between the 
electron beam and the suface of the constituent atoms.
147
 
 
1.4.5 Transmission Electron Microscopy 
TEM is also an electron microscope technique, however compared to SEM the image is formed 
from electrons transmitted through an ultra-thin specimen rather than being scattered from its 
surface.
148
 The contrast of TEM images is formed when transmitting through an ultra-thin 
sample, the flux of electron lose a part of intensity proportional to the thickness of sample and 
the atomic number of the elements in the sample.
148
 If the objective aperture filters out the 
scattered electrons thicker samples or those with higher atomic number appear darker colour. 
Due to its high resolution the crystal lattice in a sample is able to be examined in order to 
identify the crystal structures by matching with database references.
148
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1.4.6 Energy Dispersive X-ray spectroscopy 
EDX, which is usually built in to a SEM or TEM, is used to analyse elemental composition of a 
sample. The mechanism is to collect the signals of the characteristic X-rays ejected from the 
elements present in the sample produced by interaction between the electron beam and 
constituted atoms. This causes the inner shell electrons (lower energy) to be excited and ejected 
from of the sample, creating electron holes which are filled by the outer shell electrons (higher 
energy) resulting in release of an unique X-ray spectrum, which can be used to determine the 
elemental composition of sample.
149
  
 
1.4.7 Fourier Transform Infrared Spectroscopy 
IR spectroscopy is used to determine the infrared spectrum of a sample in order to obtain their 
structure from the characteristic absorbed frequencies corresponding to the transition energy of 
bonds.
150
 
    FT-IR irradiates the sample by a beam with many frequencies of light at once to obtain the IR 
absorption spectrum of sample at each wavelength.
150
 The advantages of Fourier translation (FT) 
spectrometer include Fellegtt’s advantage, which is the fact that all the information from all 
wavelengths can be collected simultaneously resulting in a higher ratio of signal to noise for a 
given scan time or a shorter scan time for a given resolution, and Jacquinot’s advantage, which 
is the fact that the amount of light passing through samples only depends on the diameter of the 
collimated beam from the source rather than both the entrance and slit of the monochromator.
150
   
 
1.5  Motivation, Aim and Purpose 
First of all the synthesis of nanostructured tungsten oxide thin films via different techniques in 
both liquid phase and solid phase and their mechanism have been reviewed. Compared to liquid 
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phase, the vapour phase process including physical vapour deposition (PVD) and chemical 
vapour deposition (CVD) is proved to be better in case of purity (without introducing organic 
agents such as stabilisers, dendrimer templates and reducing agents during synthesis process) 
and continuous processes (no batch form process required).
62,151
 The PVD method shows 
limitations of low deposition rate, incapable for complex shape components and large area 
deposition, relatively high-cost compared to CVD method.
62
  Consequently, nowadays CVD is 
still a versatile deposition technique for metallic, metal oxide, ceramic or perovskite thin films 
with well-controlled morphologies, size and stoichiometry, and with the advancement of CVD 
variants such as aerosol-assisted CVD (AACVD) which is a variant of the conventional 
chemical vapour deposition (CVD) process, is crucial because it utilises solvent aerosols to 
transport precursors and hence can be used with many relatively cheap commercially available 
metal precursors not suitable for traditional CVD (only required the precursor soluble in 
sovlent). However, the vapour-solid growth mechanism of 1D structure (e.g. tungsten oxide 
nanorods (NRs)) prepared by CVD is still not fully understood, and characterising the 
deposition conditions resulting in formation of tungsten oxide NR is not clear.  
Consequently, my thesis will start with depositing tungsten oxide thin films under various 
conditions (temperature, solvent, and precursor) on different substrates via AACVD in order to 
identify optimal deposition parameters for growth of tungsten oxide NR array thin films. 
Subsequently the relationship between deposition parameters (substrate temperature and 
precursor concentration) and morphologies of tungsten oxide thin films will be present in order 
to find ideal conditions to deposit different nanostructure of tungsten oxide thin films. 
Afterwards, the effect of the growth of tungsten oxide NR arrays on their band structure of WO3 
is studied in order to investigate the 1D quantum-confinement effects and defect chemistry of 
1D tungsten oxide NR arrays. 
As reviewed previously Au, Pt or Cu nanoparticles supported on WO3 NNs have been 
synthesized via AACVD with demonstrated improved performance for applications in gas 
sensors. In my thesis noble metal (Au, Pt, Pd and Ru) NPs supported on WO3 NRs thin films 
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were fabricated by AACVD, and the relationship of deposition parameters to NP size and 
concentration studied. Those as-synthesized metal nanoparticle functionalized WO3 NRs thin 
film were tested for activities in photocatalysis in order to reveal if the activities depend on the 
NP size and concentration to find out the optimal size for best activities and to study the 
mechanism of photocatalysis enhancement. Subsequently, metal oxide (PdO, RuOx, CuOx and 
CoOx)/WO3 heterostructure thin films fabricated by AACVD will be presented along with their 
activity for photocatalysis to investigate where heterojunction formation can help enhance their 
activity.  
In summary, the first part of this thesis focuses on tungsten oxide thin films prepared by 
AACVD and the relationship between deposition parameters and morphologies, and the 
relationship between morphologies and properties. Subsequently, I will present work on 
deposition of WO3 based heterojunction thin films by AACVD, and their application in 
photocatalysis (SA test).   
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CHARPTER 2: NANOSTRUCTRED 
TUNGSTEN OXIDE: SYNTHESIS, 
CHARATERISATION, GROWTH 
MECHANISM AND APPLICATION 
 
In this chapter the relation between deposition parameters and obtained morphologies of 
tungsten oxide thin films are investigated. Subsequently, the growth mechanism of 
nanostructured tungsten oxide is discussed. 
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2.1 Introduction 
The synthesis of tungsten oxide thin films via AACVD using different temperature and solvents 
was reviewed in section 1.2, with the morphologies of the deposited tungsten oxide changing as 
the temperature and solvent were varied. However, the effects of some alternative solvents and 
use of different substrates on the growth is not fully investigated, and more importantly an 
understanding of why these parameters change the morphology has not been developed. Many 
growth mechanisms of 1D structured material have been investigated (see section 1.1), though 
the mechanism is still not fully understood, especially for AACVD.  
    Therefore, in this chapter, the depositions of tungsten oxide thin films are conducted on 
different substrates with different solvents and at different temperature, and as-synthesized thin 
films are characterised in order to elucidate the growth mechanism of tungsten oxide. 
Subsequently, the characterisation of the as-synthesized thin films will be discussed to find out 
which tungsten oxide phases are presented within the thin films, and with more than 9 different 
phases of substoichiometric tungsten oxide with similar XRD pattern the accurate phase 
identification is highly challenging. This is further complicated because the as-synthesized thin 
film possibly comprises of more than two substoichiometric phases. Hence, different techniques 
such as XRD, XPS, EDX, TEM, and etc. are used to combine different information from those 
techniques to elucidate the phases present.  
 
2.2 Synthesis of Nanorod structured Tungsten Oxide Thin Films via 
AACVD 
2.2.1 Introduction 
To obtain NR structured tungsten oxide thin films, deposition on different substrates (alumina, 
micro slide glass, SiO2 coated barrier glass and quartz) with various solvents (acetone, methanol, 
toluene and mixture solvent of acetone, methanol and/or toluene in varying ratios) and at 
different temperatures ranging from 350 to 500 °C was conducted.  
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2.2.2 Experimental 
Film deposition conditions are shown in Table 2.1 below. The precursor W(OPh)6 was 
synthesised according to the literature
152
 and the precursor W(CO)6 was bought from Aldrich 
(99% purity), dissolved in solvent, and an aerosol created by an ultrasonic humidifier operated 
at 2 MHz (Liquifog). The aerosols were transported to the reactor by a N2 carrier gas (99.99%, 
BOC, flow rate 300 cm
3
/min) controlled by a mass flow controller (MFC, Brooks), and reacted 
on a substrate (e.g. SiO2 coated barrier glass with 2 mm thickness, microscope glass with 1 mm 
thickness, alumina 0.5 mm thickness or quartz 1 mm thickness) (all the substrates were cleaned 
by acetone, 2-propanol and methanol before deposition) at elevated temperature to form the thin 
film (reaction 2.1). Annealing of samples was carried out in air at 500°C for 2 hours. The 
annealed sample is denoted as [sample name]-ann e.g. AM375-ann. 
W(CO)6 + [O] → WOx + CO2    (2.1) 
Table 2. 1 Deposition conditions of thin films. 
Name Precursor (g) Solvent (mL) Substrate Deposition 
Temp.(°C) 
A450g W(OPh)6 (0.075) Acetone (15) Glass 450 
A450b W(OPh)6 (0.075) Acetone (15) B-glass 450 
A450a W(OPh)6 (0.075) Acetone (15) Alumina 450 
AT450b W(OPh)6 (0.075) Acetone (10) and Toluene (5) B-Glass 450 
T450b W(OPh)6 (0.075) Toluene (15) B-Glass 450 
A450b W(OPh)6 (0.075) Acetone (15) B-Glass 450 
T300b W(OPh)6 (0.150) Toluene (15) B-glass 300 
T325b W(OPh)6 (0.150) Toluene (15) B-glass 325 
T350b W(OPh)6 (0.150) Toluene (15) B-glass 350 
T375b W(OPh)6 (0.150) Toluene (15) B-glass 375 
T400b W(OPh)6 (0.075) Toluene (15) B-glass 400 
T425b W(OPh)6 (0.075) Toluene (15) B-glass 425 
T450b W(OPh)6 (0.075) Toluene (15) B-glass 450 
T500b W(OPh)6 (0.075) Toluene (15) B-glass 500 
T375q W(CO)6 (0.06) Toluene (15) Quartz 375 
A375q W(CO)6 (0.06) Acetone (15) Quartz 375 
M375q W(CO)6 (0.06) Methanol (15) Quartz 375 
AM375q W(CO)6 (0.06) Acetone (10) and Methanol (5) Quartz 375 
AT375q W(CO)6 (0.06) Acetone (10) and Toluene (5) Quartz 375 
MT375q W(CO)6 (0.06) Methanol (10) and Toluene (5) Quartz 375 
AM350q W(CO)6 (0.06) Acetone (10) and Methanol (5) Quartz 350 
AM400q W(CO)6 (0.06) Acetone (10) and Methanol (5) Quartz 400 
 
    The design of the AACVD reactor used is demonstrated in Figure 2.1. A water jacket is 
equipped at the inlet of the cold wall reactor of the AACVD system in order to avoid precursor 
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heating and decomposition prior to entering the reactor chamber.
153
 The exhaust was directly 
vented into the extraction system of the fume cupboard.
153
 
 
Figure 2.1. Schematic flow diagram of the AACVD reactor.153 
 
    The crystalline structures of samples were determined by X-Ray diffraction (XRD) (Bruker, 
AXD D8-Discover) equipped with a LinxEye silicon strip detector using Cu K𝛼  radiation 
operated at 40 kV and 40 mA. The microstructure of the films was examined by Field-Emission 
Scanning Electron Microscope (FE-SEM) (Jeol 6310F, 5 keV).  Samples were coated with gold 
and scanned at 5 kV. The X-ray photoelectron (XPS) analysis was carried on a Thermo 
Scientific K-Alpha instrument equipped with a monochromatic Al Kα radiation (1486.6 eV) 
with charge compensation by a beam charge neutralization argon-ion gun (≤10 eV), and 
calibrated by the C 1s peak at 284.8 eV. The W 4f region were recorded from the samples 
showing two peaks at 35.4 (±0.4) eV and 37.5 (±0.3) eV which were fitted by using software 
“CasaXPS” showing two components at 35.4 and 34.2 eV (binding energy) attributed to W 4f7/2 
of W
6+
 and W
4+
 respectively. Transmission electron microscopy (TEM) and scanning TEM 
(STEM) analysis was performed on a JEOL 2100 at 300 KV equipped with energy dispersion 
X-ray (EDX) detector (X-MaxN 80, Oxford Instruments). UV/vis spectroscopy was performed 
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using a double monochromated PerkinElmer Lambda 950 UV/vis/NIR spectrophotometer with 
integrating sphere in the 250−2500 nm range recording the transmittance % and reflectance % 
of tungsten oxide NR arrays on quartz. The absorbance % is estimated by: 
Absorbance % = 100% – (Transmittance % +Reflectance %)    (2.2) 
    The band gap of tungsten oxide NR arrays is estimated by Tauc plot with the following 
equation: 
𝛼 = 𝐴 [(ℎ𝜈 − 𝐸𝑔)
𝑛
2/ℎ𝜈]    (2.3) 
where 𝛼, 𝐴, 𝐸𝑔, 𝜈 𝑎𝑛𝑑 𝑛 are the absorption coefficient, constant, band gap, incident light 
frequency and an integer respectively, whilst the value of integer n depends on the 
characteristics of the optical transition (n = 1 or 4 for direct or indirect band transition 
respectively).
154
 
 
2.2.3 Results and Discussions 
2.2.3.1 Deposition on Various Substrates 
Glancing angle X-ray diffraction revealed only two peaks at 23.4° and 47.8° 2θ from thin films 
deposited on various substrates, including glass (A450g), barrier glass (A450b) and alumina 
(A450a) (neglecting peaks of Al2O3) at 450 °C (details in Table 2.1), as shown in Figure 2.2, 
possibly attributed to the (020) and (040) reflections of monoclinic tungsten oxide (ICDD 20-
1324) due to preferred orientation of as-synthesized thin films.
152
 However, those two strong 
diffraction peaks also could be attributed to (010) and (020) reflections of substoichiometric 
tungsten oxide according to previous deposition by other techniques such as thermal 
evaporation (see section 1.2). The assignment of those two strong peaks to reflections of 
stoichiometric or substoichiometric tungsten oxide will be discussed later in section 2.4 and 2.5. 
Therefore, thin films deposited on glass, barrier glass or alumina did not show significant 
difference between XRD patterns.  
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Figure 2.2. Glancing angle XRD pattern of as-synthesized thin films A450g A450b and A450a prepared by AACVD 
on glass, barrier glass and alumina substrates, yellow stick pattern Al2O3 (PDF 81-1667). 
 
    SEM was used to examine the morphology of the as-synthesized thin films. SEM (Figure 2.3) 
showed that nanostructured thin films deposited on barrier glass (A450b) were similar to those 
on alumina (A450a) under similar conditions, with hollow pipe-like structures and tiny particles 
grown on the wall of pipe. The diameter of these rods was close to 800 nm. However, the 
morphology of films deposited on plain glass (A450g) was distinct from those on barrier glass 
and alumina, featuring nano-needles with sharp end structures with diameters ranging from 16-
135 nm, similar to NNs grown on Si substrates by AACVD at 500 ° C reported previously.
155
 
 
Figure 2.3. SEM of substrates (glass, Barrier glass and alumina) and films deposited from W(OPh)6 and Acetone at 
450°C on those substrates. 
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    From XRD patterns, the thin films deposited on various substrates presented similar crystal 
structure, though NNs could only be found by SEM in thin films deposited on glass at 450 °C 
with acetone (A450g). 
    After annealing 2 hours at 500 °C in air, there were more peaks present in XRD pattern as 
seen in Figure 2.4. The XRD patterns of annealed as-synthesized thin films on barrier glass or 
alumina matched monoclinic WO3 (PDF 72-0677). The pattern for thin films on barrier glass 
(A450b-ann) had strong (002) and (020) peaks and relative weak (200) peak showing preferred 
orientation along the (002) and (020) directions, but the pattern for thin films on alumina 
(A450a-ann) had one strong peak (002) and two relatively weak peaks (020) and (200) showing 
preferred orientation in the (002) direction. However, after annealing films deposited on plain 
glass (A450g) a totally different pattern was observed, which matched a reference pattern of 
sodium tungsten oxide Na2W4O13 (PDF 70-2022) rather than any phases of pure WO3. This is 
probably due to migration of sodium ions from the glass substrate while annealing in air at high 
temperature, entering into the unit cell of WO3. 
 
Figure 2.4. Glancing angle XRD pattern of WO3 films deposited from W(OPh)6 and Acetone at 450°C on glass, 
Barrier glass and alumina annealed at 500 °C in air for 2 hours, red stick pattern monoclinic WO3 (PDF 72-0677),  
yellow stick pattern Al2O3 (PDF 81-1667) and green stick pattern Na2W4O13 (PDF 70-2022). 
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    The microstructure of as-synthesized thin films deposited on glass (A450g-ann), barrier glass 
(A450b-ann) and alumina (A450a-ann) after annealing at 500 °C for 2 hours in air varied from 
those pre-annealing, as shown in Figure 2.5. For A450g-ann, the NNs fused to form bigger rod-
like structures with diameters around 300 nm, and the sharp end disappears. For A450b-ann, the 
hollow in the pipe-like structures became bigger. But the wall of pipes became thinner, resulting 
in a diameter decrease to 400 nm from around 800 nm. For A450a-ann the walls of the pipe-like 
structures decomposed to form short branched structures, and the diameter had not significantly 
changed. 
 
Figure 2.5. SEM of films deposited from W(OPh)6 and Acetone at 450°C on glass, Barrier glass and alumina and 
annealing at 500 °C for 2 hours in air. 
 
    Therefore, as-synthesized thin films deposited on different substrates (with the same other 
conditions) present various morphologies. Before annealing, A450g, A450b and A450a show 
similar XRD pattern, but present varying morphologies from NNs to hollow pipe-like structures. 
After annealing, XRD patterns of A450g-ann and A450b-ann match the m-WO3 though with 
different orientation and A450a-ann match sodium tungsten oxide Na2W4O13 due to sodium ion 
immigrating from glass substrate. Therefore, the substrate is able to affect the morphologies and 
crystal structure of deposited thin films attributed to ion diffusing and also possibly properties 
of substrate and its surface (e.g. roughness, surface energy, heat or electron conductivity, 
terminated elements). Moreover, according to previous reports of the solid-phase growth model, 
irregular points on the substrate can lead to nucleation of nanowires.
84
 However, A450b and 
A450a with barrier glass and alumina substrate respectively show similar morphology, and 
hence the different substrate has not resulted in a different morphology, but we note that if pure 
tungsten oxide thin film is the desired product, the plain glass substrate should not be used. In 
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the following section the effect of solvents and temperature on morphology of tungsten oxide 
will be studied.  
 
2.2.3.2 Deposition with Various Solvents  
The solvents used for deposition were varied, including mixtures of solvents, in order to target 
formation of NR structure on barrier glass (deposition on plain glass suffers from sodium ion 
migration, and alumina substrates are opaque and not suitable for optical and photocatalytic 
applications).  
    Glancing angle XRD patterns of as-synthesized thin films prepared using acetone (A450b), a 
mixture solvent of acetone and toluene (2:1) (AT450b), or toluene (T450b) all show two peaks 
at 23.4° and 47.8° 2θ, hence indicating a similar crystal structure (Figure 2.6), also similar to 
those deposited on alumina and glass substrates (A450a and A450g) (Figure 2.2).  
 
Figure 2.6. Glancing angle XRD pattern of as-synthesized films prepared by AACVD using solvent acetone (A450b), 
a mixture solvent of acetone and toluene (2:1) (AT450b), or toluene at 450 °C (T450b). 
 
    SEM image (Figure 2.7) was used to characterise the morphology of the as-synthesized thin 
films with the nanostructures obtained using acetone (A450b) alone having been discussed in 
the previous section (2.2.3.1). When toluene is added in the ratio of acetone: toluene = 2: 1, the 
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nano-structure had a high density of rod-like structures without hollows, with diameter in range 
from 50 to 100 nm, similar to previous research on deposition from WCl6 and ethanol at 625 °C 
by APCVD.
156
 When using pure toluene, narrow NNs with diameter below 20 nm were 
observed. Although, samples (A450a, A450b, A450g, AT450b and T450b) present the similar 
XRD patterns, the morphologies of those thin films vary. A possible mechanism will be 
discussed later.   
 
Figure 2.7. SEM of films deposited from W(OPh)6 at 450°C using solvent acetone (A450b), a mixture solvent of 
acetone and toluene (2:1) (AT450b), or toluene (T450b) on barrier glass. 
 
    After annealing for 2 hour at 500 °C in air, the XRD pattern of the as-synthesized thin films 
were similar irrespective of the initial solvent (Figure 2.8), with all patterns showing more peaks 
than the two strong peaks at 23.4° and 47.8° 2θ seen in the pre-annealed thin films, matching 
the monoclinic phase of WO3 (PDF 72-0677), similar to the XRD pattern of A450a. The 
diffraction peaks of A450b-ann showed high intensity when pure acetone had been used as the 
solvent. However, when the solvent mixture of acetone and toluene was used (AT450b-ann) the 
strength of diffraction peaks decreased. These annealed thin films had very weak diffraction 
peaks (T450b-ann), after pure toluene was used.  
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Figure 2.8. Glancing angle XRD pattern of as-synthesized films prepared by AACVD using solvent Acetone 
(A450b-ann), a mixture solvent of Acetone and toluene (2:1) (AT450b-ann) and Toluene (T450b-ann) at 450 °C, and 
annealing for 2 hours at 500 °C in air, red stick pattern monoclinic WO3 (PDF card no.72-0677). 
 
    The morphologies of the annealed films had slightly changed from the as-deposited films are 
shown in Figure 2.9. The rod-like structure observed in a film prepared using a mixture solvent 
(acetone: toluene=2:1) became shorter and thicker. The structure of a film deposited from pure 
toluene showed no significant change after annealing. 
 
Figure 2.9. SEM of films deposited from W(OPh)6 at 450°C using solvent acetone (A450b-ann), a mixture solvent of 
acetone and toluene (2:1) (AT450b-ann), or toluene (T450b-ann) on barrier glass, and annealing for 2 hours at 500 °C 
in air. 
 
    In summary, as-synthesized thin films possessed a NN-like structure when a solvent mixture 
of acetone and toluene (2:1) or pure toluene was used, though adding toluene seemed to reduce 
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the crystallinity of the thin film. Therefore, the solvent used for deposition of tungsten oxide 
thin films by AACVD affects the morphology of thin film growth.
89
 
    Based on previous literatures and observation made in this thesis, the solvent used for 
AACVD deposition affects the thin film formation via three main paths: (1) the solubility of 
different precursors in various solvents varies (e.g. W(CO)6 with high solubility in acetone and 
low in methanol) resulting in different concentration of precursor in solution and generated 
aerosols; (2) the diameter of generated aerosols delivered into AACVD reactor depends on the 
type of solvent due to surface tension, viscosity and density; (3) in certain cases, the solvent 
could participate in reactions for thin film formation, though those reactions are complex to 
characterise due to a lack of detection techniques and the participation of deposited material 
acting as a catalyst. For example, acetone contains oxygen which could be donated at elevated 
temperature, whereas toluene cannot provide oxygen, and hence the deposited thin film (T450b) 
may have relatively low crystallinity due to a lack of a sufficiently oxidising environment.       
 
2.2.3.3 Deposition at Various Temperatures 
In the previous section, the as-synthesized thin films possessed a NN structure when toluene 
was used as a solvent and a deposition temperature of 450 °C. Herein the deposition 
temperature was changed from 300 to 500 °C to identify conditions giving a NR structure. 
  Glancing angle XRD patterns of as-synthesized thin films deposited at various temperatures 
vary as shown in Figure 2.10. At a deposition temperature 300 °C, diffraction peaks of T300b 
match the reference pattern of tetragonal WO3 (PDF 85-0808). When the deposition temperature 
increases from 325 to 400 °C, the diffraction peak of T300b at 22.6 ° (2θ) shifts to 23.1 ° 
(T325b, T350b, T375b and T400b) matching the (002) facet of monoclinic WO3 (PDF 72-0677), 
and the intensity of peak at 24.0 ° (matching tetragonal WO3 reference) reduces to zero. At 
deposition temperatures above 425 °C, there is only a peak appearing at 23.5 ° in 2θ range of 22 
to 25° matching the (020) facet of monoclinic WO3 (PDF 72-0677). Those XRD patterns 
suggest that T300b presents in tetragonal phase, and when the deposition temperature increases 
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the monoclinic phase appears and tetragonal phase gradually vanish, with the preferred 
orientation of the monoclinic phase changing from (002) to (020).   
 
Figure 2.10. Glancing angle XRD pattern of as-synthesized films prepared from toluene by AACVD from 300 to 
500 °C with red stick reference pattern monoclinic WO3 (PDF card no.72-0677) and brown stick tetragonal WO3 
(PDF card no.85-0808). 
 
    SEM was used to measure the nano-structure of the as-synthesized thin films as shown in 
Figure 2.11. With deposition temperature between 300 and 325 °C, particles agglomerate to 
form islands with quasi-square shape and diameter 10 μm with wide gaps between each island 
at 350 °C. Also, size of the islands became smaller and connected by wire-like structures. At 
375 °C, the island structure disappears and wire-like structures interweaving each other were 
observed. Increasing the deposition temperature to 400 and 425 °C caused NR structures to be 
observed with diameter 100 – 150 nm. When the deposition temperature increased to 450 °C 
NN were observed instead of rod-like structures and at 500 °C NN mat-like morphologies were 
observed. 
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Figure 2.11. SEM of as-synthesized thin films deposited from W(OPh)6 and toluene at 300-500 °C. 
 
After annealing samples for 2 hours in air, more peaks were present in the diffraction pattern 
as seen in Figure 2.12. After annealing, XRD patterns of films deposited above 375 °C matched 
the reference pattern of the monoclinic form of WO3 (PDF 72-0677) however when the 
deposition temperature as below 375 °C the peaks of the annealed films shifted to lower 2θ 
matching the orthorhombic form of WO3 (PDF 71-0131). According to previous reports, the 
orthorhombic form of WO3 is stable from 330 to 740 °C (See section 1.1.1) with the monoclinic 
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form being stable at room temperature.
3
 The reason why the orthorhombic phase is stabilised at 
room temperature after annealing at 500 °C for samples deposited below 375 °C is not clear. 
 
 
Figure 2.12. Glancing angle XRD pattern of the as-synthesized thin films prepared from toluene by AACVD at 300-
500 °C and annealing at 500 °C for 2 hours in air, red reference  pattern  of monoclinic WO3 (PDF 72-0677) and 
green reference pattern of orthorhombic WO3 (PDF 71-0131). 
 
    After annealing at 500 °C for 2 hours in air, the morphologies of films deposited at 
temperature up to 375 °C was significantly altered, specifically, the wire-like structure appeared 
to ‘melt’ during the annealing process as shown in figure 2.13. For deposition temperatures 
between 400 and 425 °C the surface of the NR became smoother after annealing, and when the 
deposition temperature was above 450 °C, the morphologies underwent no significant change.  
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Figure 2.13. SEM of as-synthesized thin films deposited from W(OPh)6 and toluene at 300-500 °C and annealing at 
500 °C for 2 hours in air. 
 
    In summary, thin films fabricated with W(OPh)6 dissolved in toluene at the deposition 
temperature ≥ 375 ℃ produced NN (with sharp point at the top end) or NR (with long straight 
sides and flat circular end) structure. After annealing at 500 °C in air for two hours, all the as-
synthesized thin films demonstrated orthorhombic (deposited temperature < 375 °C) or 
monoclinic (deposited temperature  ≥ 375 ℃ ) phases of WO3 based on the XRD patterns. 
However, after annealing, the NNs of thin films prepared at 375 °C and below agglomerated 
together. Therefore the deposition temperature influenced on the crystal structure and 
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morphology of the as-synthesized tungsten oxide thin films observed by XRD and SEM during 
AACVD likely via two main routes:  (1) elevated temperature is needed to initiate 
decomposition of the precursor or/and the reaction between precursor and solvent; (2) the 
temperature also affects the adsorption, diffusion and nucleation of adatoms of decomposed 
precursor molecules, and growth rate along certain facets (details discussed in following 
section).  
 
2.2.3.4 Deposition on Quartz with Optimal Deposition Conditions 
Quartz has low absorption in the region from UV to NIR and hence is an ideal substrate for 
optical characterisation and photocatalytic tests. Therefore, deposition conditions for growth of 
NR structured tungsten oxide on quartz were studied. 
    In the previous section, NR structures can be found in thin films prepared from W(OPh)6, 
which was synthesized based on reaction 2.4,
152
 dissolved in toluene at 375 °C on barrier glass 
substrates.    
W(O)Cl4 + 6PhOH → W(OPh)6  + H2O    (2.4) 
    Subsequently, the commercially available precursor W(CO)6 was used to fabricate tungsten 
oxide thin films with toluene at 375 °C on quartz (T375q) via AACVD to compare with 
W(OPh)6 (T375b.P). As shown in Figure 2.14, the sample T375q presents conjugated ball-like 
structure and the sample T375b.P gives a wire-like structure.  
 
Figure 2.14. SEM of as-synthesized thin films deposited from W(CO)6  on quartz (T375q) and W(OPh)6 
(T375b.P) with toluene at 375 °C. 
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    Subsequently toluene was replaced by acetone, methanol, a mixture of acetone and methanol 
(2:1), a mixture of acetone and toluene (2:1), and a mixture of methanol and toluene (2:1) for 
depositions with W(CO)6 at 375 °C on quartz. As shown in Figure 2.15, when using the solvent 
methanol, a mixture of acetone and toluene, or acetone and methanol, the NN or NR like 
structure is obtained at 375 °C in contrast to toluene alone. Specifically, the NN can be obtained 
with average diameter 50 nm using pure methanol as the solvent. If the methanol was mixed 
with acetone in a (1:2) ratio, the NR structure was obtained with increased diameter 130 nm. If 
acetone was mixed with toluene in a (1:2) ratio, the NN became thicker with average diameter 
220 nm. However, W(CO)6 is less soluble in pure methanol than in acetone and as a result a 
mixture of acetone and methanol was used to obtain ‘thicker’ (longer NR) films. 
 
Figure 2.15. SEM of as-synthesized thin films deposited from W(CO)6  on quartz at 375 °C with acetone (A375q), 
methanol (M375q), toluene (T375q), a mixture solvent of acetone and toluene (2:1) (AT375q), a mixture solvent of 
methanol and toluene (2:1) (MT375q) and a mixture solvent of acetone and methanol (2:1) (AM375q) (all the same 
magnification ˣ 30,000 ). 
 
2.2.3.5 Characterisation of Tungsten Oxide NR Arrays Thin Films Deposited on 
Quartz via AACVD 
In the above section, conditions for obtaining NR structured tungsten oxide on quartz (AM375q) 
were identified. Subsequently, crystal structure, morphologies, composition, element state and 
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band structure of the as-synthesized thin films were characterised via SEM, TEM, XRD, EDX, 
XPS and UV-Vis. 
 
    The as-synthesized thin films were dark blue in colour, becoming yellow-white after 
annealing at 500 °C in air for 2 hour, as shown in Figure 2.16. SEM indicated the NR structure 
is maintained after annealing, but the NRs become thicker. 
 
Figure 2.16. Images and SEM images of as-synthesized thin films prepared with W(CO)6 with a mixture solvent of 
acetone and methanol (2:1) at 375 °C on quartz (a) AM375q and annealed at 500 °C in air for 2 hours (b) AM375q-
ann. 
 
    In section 2.2.3, most thin films prepared with W(OPh)6 presented two strong peaks  in the 
XRD patterns(at 23.4° and 47.8° 2θ) before annealing at 500 °C. Warren B. Cross et al. 
suggested that the preferred growth of tungsten oxide deposited by AACVD from W(OPh)6 
gave rise to two strong peaks in the XRD pattern attributed to (020) and (040) reflections of γ-
WO3 (monoclinic).
152
 As shown in Figure 2.17, an as-synthesized thin film deposited from 
W(CO)6 (AM375q) also presents two relatively strong peaks (at 23.5 and 48.0 °), but also 
several other diffraction peaks. To assign these,  the as-synthesized thin film was assumed to be 
substoichiometric tungsten oxide (WOx) due to the blue colour.
157
 The common XRD references 
for WOx are listed in Table 1.2, however the peaks corresponding to (100), (010) or (001) of all 
substoichiometric tungsten oxides appeared at 23.4 ° (± 0.2 °) therefore making it difficult to 
match these peaks, especially considering preferred orientation and/or multiple phases. By 
comparing both strong peaks (23.4° and 47.8° 2θ) to reference patterns, the best matches were 
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provided by W32O84 (PDF 77-0810, a=21.43 Å, b=17.77 Å, c=3.79 Å, α=90 °, β=90 °, γ=90 °) 
with two peaks at 23.5 and 48.1 ° corresponding to (001) and (002) reflections, and W25O73 
(PDF 71-0070, a=11.93 Å, b=3.82 Å, c=59.72 Å, α=90 °, β=98.3 °, γ=90 °) with two peaks at 
23.5 and 48.0 ° attributed to (010) and (020) reflections. The lower intensity peaks from the as-
synthesized film also matched those peaks from reference of W32O84 and W25O73. Therefore, the 
phase of as-synthesized thin film AM375q is most likely consisting of two phases of W25O73 
and W32O84. 
 
Figure 2.17. Glancing angle XRD pattern of the as-synthesized thin films (AM375q) comparing with the reference 
XRD patterns of substoichiometric tungsten oxide WOx (x=2.72 to 2.92). 
 
    After annealing at 500 °C in air for 2 hours, the two relatively strong peaks shifted to lower 
2θ from 23.5 to 23.1 °, and 48.0 to 47.1 ° matching the reference peaks of monoclinic WO3 
(PDF 72-0677, a=7.31 Å, b=7.54 Å, c=7.70 Å, α=90 °, β=90.88 °, γ=90 °) at 23.1 and 47.2 ° 
attributed to (002) and (004) reflections, as shown in Figure 2.18. Therefore, it seems the as-
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synthesized thin film is dominated by W32O84 before annealing and transform to monoclinic 
WO3 after annealing. Diffraction peaks of (020) and (200) did not clearly demonstrate in 
AM375q, consisted with the change in colour from blue (WOx) to yellow (WO3) (Figure 2.16). 
 
Figure 2.18. Glancing angle XRD pattern of AM375q annealed at 500 °C for 2 hours in air, red reference  pattern  of 
monoclinic WO3 (PDF 72-0677). 
 
    STEM image of a single as-deposited NR with length 4.9 µm, which was removed from the 
substrate by sonication, showed an increase of diameter from 40 nm (bottom) to 170 nm (top) 
along the growth direction perpendicular to the substrate (Figure 2.19a). Element linear 
scanning shows the amount of tungsten and oxygen increases along the NR growth direction as 
expected for the NR diameter increasing. However oxygen appears to increase slower than 
tungsten i.e. this suggests the presence of more reduced tungsten cations along the NR length 
possibly leading to oxygen defects or oxygen vacancy (VO). This is possibly due to formation of 
crystallographic shear planes causing substoichiometric planar defects.
78,153
 The HRTEM image 
and corresponding Fast Fourier Transform (FFT) pattern (inset) in Figure 2.19b, which 
corresponds to the square-enclosed area in Figure 2.19a, revealed d-spacings along the growth 
direction of  0.37 ± 0.01 nm, which can be attributed to the (001) planes of monoclinic W32O84 
(WO2.63) (0.378 nm). It can be concluded that the growth direction of WOx NRs was along the 
[001] direction. Streaks were observed in the FFT pattern (Figure 2.19b, inset) perpendicular to 
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[001], which can be attributed to planar defects within the NRs caused by VO.
153,158
 The 
presence of planar VO perpendicular to the growth direction [001] could suppress the growth 
along e.g. [100] and [010].
153
 An EDX spectrum line-scan from the bottom to top of the single 
NR gave an average ratio (%) of O to W equalling to 2.88 (WO2.88) between the W32O84 (WO2.63) 
and W25O73 (WO2.92) phases identified by XRD. Therefore, AM375q prepared by AACVD is 
substoichiometric tungsten oxide (WOx) with the NR growing along the [001] direction, in 
agreement with the observed strong XRD reflection peak (001) of W32O84. 
 
Figure 2.19. (a) STEM images of a single WOx NR with a length 4.92 µm and the corresponding STEM-EDX 
elements linear scanning of tungsten and oxygen. (b) HRTEM image of selected section of NR and corresponding 
FFT pattern (inset). (c) EDX spectrum.153 
 
    The NR structure of AM375q-ann was maintained after annealing at 500 °C in air for 2 hour 
as observed by STEM (Figure 2.20a), but the surface of the NR appeared rough. The d-spacing 
along the [001] growth direction increased from 0.37 to 0.38 nm, attributed to the (002) plane of 
monoclinic WO3 (PDF 072-0677) as presented in Figure 2.20b. This again suggests that during 
annealing the WOx is oxidised resulting in the increase of the lattice parameter. However, 
streaks still appeared in the FFT pattern (Figure 2.20c) along [100] and [010] directions 
perpendicular to growth direction ([001]) owing to the presence of defects possibly formed by 
grain boundaries during annealing, which may explain why peaks attributed to (020) and (200) 
were low intensity in XRD patterns (Figure 2.18).   
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Figure 2.20. (a) STEM images of a single WO3 NR with a length 4.9 µm. (b) HRTEM image of selected section of 
NR and (c) corresponding FFT pattern. 
 
    X-ray photoelectron spectra were recorded for samples AM375q and AM375q-ann. By fitting 
the spectrum obtained from AM375q (Figures 2.21a), the main peaks (in red) at 36.0 and 38.1 
eV can be assigned to W 4f7/2 and W 4f5/2 peaks of W
6+
 respectively.
159
 The lower binding 
energy peaks (in blue) at 34.6 and 36.9 eV correspond to W
4+
.
160
 The ratio of W
6+
 to W
4+
 was 
calculated via the ratio of areas of those peaks, which was 2.9 ± 0.01, e.g. WO2.9. The XPS 
analysis, which only measures around 10 nm depth of samples, suggests that the surface of NRs 
are comprised of  WO2.9 phase, agreeing with the XRD pattern reflections of W25O73 found 
before annealing. After annealing (Figures 2.21b) in air at 500 °C, two peaks at 36.4 and 38.6 
eV (in red) are observed corresponding to W 4f7/2 and W 4f5/2 peaks of W
6+
, with lower 
concentration (9 %) of W
4+
 due to the oxidation of W
4+ 
to W
6+
 during annealing, but the crystal 
structure is similar to monoclinic-WO3 (Figure 2.18), and the lower concentration of reduced 
cations (W
4+
) leading to the colour change from blue to yellow as shown in Figure 2.16.  
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Figure 2.21. X-ray photoelectron spectrum of W 4f region recorded from (a) sample AM375q and (b) AM375q-ann. 
By fitting this spectrum, the oxidation states of W4+ (in blue) and W6+ (in red) were obtained. 
 
As shown in Figure 2.22, the XPS VB scan of the as-synthesized thin film before WOx 
(AM375q) and after annealing WO3 (AM375q-ann), are both located at 2.4 eV with respect to 
the fermi level (Ef =0 eV equal to spectrometer). In sample AM375q there is an energy tail 
extending into Ef labelled as d-band (Figure 2.22), partially occupied with a low number of 
electrons due to the presence of reduced cations (W
4+
).
161
 After annealing, the intensity in the d-
band decreased, corresponding with a reduction in concentration of W
4+
 to 4.2 % (AM375q-ann) 
from 9.8 % (AM375q) (Figure 2.21). Therefore, according to the XPS results AM375q 
contained both W
6+
 and W
4+
 which leads to d-band occupation. After annealing some W
4+
 is 
oxidised to W
6+
 resulting in a lower intensity in the d-band, though reduced cations (W
4+
) were 
still found in sample. The presence of W
4+
 can be attributed to VO,
162
 as expressed by the 
Kröger–Vink notation,  
WW
× + OO
×  ⇆  VO
∘∘ + 
1
2
O2 + WW
′′      (2.5) 
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Figure 2.22. XPS valence band (VB) spectra of the as-synthesized thin film WOx (AM375q) before annealing (blue) 
and after annealing WO3 (AM375q-ann in dark yellow). 
 
    Figure 2.23. shows that the sample AM375q (WOx) has about 30 % transmission in visible 
region, a reflectance peak at 430 nm, strong UV absorption peak at 337 nm and NIR absorption 
of 80 % at around 2500 nm. After annealing AM375q-ann (WO3) showed increased 
transmission of about 65 % in the visible region, increased reflectance with a peak at 460 nm 
and strong UV absorption below 320 nm.  
 
Figure 2.23. Transmittance, reflectance and absorbance spectra of WOx (AM375q) and WO3 NRs (AM375q-ann) 
thin film deposited for 30 mins (aberant data due to grating change of the UV-Vis spectrometer).  
 
    According to a previous report,163 bulk WO3 has an indirect band gap (Eg) at 2.62 eV and 
direct Eg at 3.53 and 3.74 eV (recorded by photoelectrolysis spectra which is based on the 
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measurements of the quantum efficiency photoelectrolysis of water using semiconducting oxide 
anodes), thus bulk WO3 is considered as an indirect bandgap semiconductor. Based on UV-Vis 
data, the Tauc plot gave the indirect Eg of  WO3 (AM375q-ann) at 2.6 eV is in good agreement 
with indirect Eg from photo-electrolysis spectra (Figure 2.24).
163
 As the VO increased WOx 
(AM375q) showed a lower indirect Eg = 0.4 eV indicating metal-like properties attributed to the 
d-band being located around Ef, which increases free-carriers from ~10
19 
cm
-3 
(WO3) to ~10
21
 
cm
-3
 (WOx) based on the previous study of Mott-Schottky plot and Hall effect.
30,164
 Therefore, 
indirect Eg reduced after sample annealing which is ascribed to the levels of oxygen deficiency 
decreasing as reported in previous literature.
165
 
 
Figure 2.24. Tauc plot of WOx (AM375q) and WO3 NRs (AM375q-ann) thin film deposited for 30 mins gave the 
optical indirect bandgap  0.4 and 2.6 ± 0.05 eV. 
 
 
Figure 2.25. Schematic illustration of band structure of WO3 (W
6+) and WO2 (W
4+) based on previous literature.166 
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    The mechanism of colour change between blue (AM375q) and more transparent yellow-white 
(AM375q-ann) is similar to that seen for the elecrochromic (EC) properties of WO3, which are 
attributed to a double-charge-injection (DCI) mechanism.
165
 The DCI process is described by 
reaction 2.6 where the injection of electrons and anions into tungsten oxide lattice produce a 
tungsten bronze.
167
 
WO3−y + xe
− + xM+  ⇔ MxWO3−y    (M =  H
+, Li+, Na+)    (2.6) 
    Subsequently, the injected electrons localized at W atoms are able to alternate the valence of 
W
6+
 to W
5+
, and then absorbed light excites electrons from W
5+
 species in site “a”  to a 
neighbouring W
6+
 site “b” leading to coloured tungsten oxide as presented by reaction 2.7.167 
This electron transition process has been described by intervalence charge transfer (IVCT) mode 
or small polaron hopping absorption (SPH) mode which considers the excess “hopping” 
electron and corresponding lattice distortion as the polaron.
165,168
 Those two modes are widely 
accepted to explain the tungsten oxide colour change from colourless to dark blue. However 
either IVCT or SPH modes featuring photoelectrons transition between W
5+
 and W
6+
 site are 
unable to explain the colourless of WOx (x>2.7) and a decrease of colouring efficiency in 
relation to a reducing oxygen deficiency. Therefore, zhang et al. (1994) proposed a modified 
IVCT and SPH mode that instead of balanced cation W
5+
, the W
4+
 species (generated by oxygen 
deficiency) and W
6+
 species play the role of host cations, and then the colour change of tungsten 
oxide via photoelectrons transition process is presented by reaction 2.8.
169
 Hence, when the 
oxygen deficiency is low (WOx, 3.0>x>2.7), the colouring efficiency is very low attributed to 
colourless nature of WOx (x>2.7) films. Alternatively, when the oxygen deficiency increases 
(WOx when x<2.7) an increased amount of W
4+
 species raise the colouring efficiency. However, 
the formation of W
5+
 or W
4+
 by VO in W
6+
 background is still under debate. In the 
computational modelling of amorphous WO3 by G. A. de Wijs et al. (1999), the appearance of 
W
4+
 was energetically unlikely, and hence W
5+
 is favourable.
168
 In the computational modelling 
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of WO3 with P21-c system by Chatten et al. (2005), W
4+
/ W
6+
 polarons are likely to form in 
strongly oxygen deficient WO3 and W
5+
/ W
5+
 in less oxygen deficient conditions.
165
   
Wa
5+ + Wb
6+  
hυ
→  Wa
6+ +Wb
5+    (2.7) 
Wa
4+ + Wb
6+  
hυ
→  Wa
6+ +Wb
4+    (2.8) 
    For AM375q, the dominate phase is monoclinic W32O84 (WO2.63) with strong (001) facet 
observed by XRD, with a concentration of W
4+
 of 14 % given by XPS. After annealing, 
AM375q-ann was monoclinic WO3 phase with (002) preferred orientation, with a W
4+
 
concentration of 9 % and measured composition as WO2.91. Therefore, based on the transition 
due to W
4+
/ W
6+
,
165
 AM375q (WO2.63) which has high oxygen deficient was dark blue colour, 
whilst after annealing the colour of thin film (AM375q-ann) bleached to be white /pale yellow 
due to the low oxygen deficients (WO2.91). 
    The optical absorption peak in the NIR due to IVCT/SPH was studied and fitted based on 
different models. In the Bryksin model, the optical absorption depends on three parameters, the 
fermi level, Ef  (determined from the maximum of Gaussian density of states), the electron 
activation energy Ea and the band width σ, and then the optical coefficient was given in three 
different frequency regions from low to high energy as following:
170
 
a. When the absorbed light with energy ℏ𝜔 < 4𝐸𝑎(1 −
2𝐸𝑓𝐾𝑇
𝜎2
), the absorption coefficient 
α(ω) is given by 
𝛼(𝜔) ∝ exp (−
𝐸𝑓
2
𝜎2
− 
(ℏ𝜔−4𝐸𝑎)
2
16𝐸𝑎𝑘𝑇
)    (2.9) 
b. When the absorbed light with energy  4𝐸𝑎 (1 −
2𝐸𝑓𝐾𝑇
𝜎2
) < ℏ𝜔 < 4𝐸𝑎 (1 +
2𝐸𝑓𝐾𝑇
𝜎2
+ 2𝐸𝑓), 
the absorption coefficient α(ω) is given by 
𝛼(𝜔) ∝ exp (−
𝐸𝑓
2
2𝜎2
− 
(ℏ𝜔−4𝐸𝑎−𝐸𝑓)
2
16𝐸𝑎𝑘𝑇
+ 2𝜎2)    (2.10) 
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c. When the absorbed light with energy  ℏ𝜔 > 4𝐸𝑎 (1 +
2𝐸𝑓𝐾𝑇
𝜎2
+ 2𝐸𝑓) , the absorption 
coefficient α(ω) is given by 
𝛼(𝜔) ∝ exp (− 
(ℏ𝜔−4𝐸𝑎)
2
16𝐸𝑎𝑘𝑇
+ 4𝜎2)    (2.11) 
    Therefore, the maximum absorption coefficient peak at  ℏ𝜔𝑚𝑎𝑥 between 4𝐸𝑎 and 4𝐸𝑎 + 𝐸𝑓 
obtained from the derivative of the function (2.9 to 2.11). The Ea was reported lying at ~ 0.28 to 
3.0 eV and an increase in Ef by ~ 0.12 to 0.22 eV, and then ℏ𝜔𝑚𝑎𝑥 was obtained around 1.30 to 
1.36 eV corresponding to wavelength 954 to 912 nm. The maximum optical NIR peak of 
sample AM375q-ann centred at around 1000 nm (Figure 2.23) with Ea estimated by the energy 
difference of ~0.2 eV between d-band around fermi level and minimum of CB (Figure 2.22 and 
2.24). 
    As the concentration of small polarons increases, the interaction between them needs to be 
considered. After the concentration of small polarons reachs a critical level, large polarons are 
formed and the optical absorption will contain a free-electron-like Drude term, in analogy with 
non-metal to metal transition.
171
 Based on large polaron theory, Larsson et al. proposed that the 
energy needed to excite the self-trapped electrons in a potential well formed by polarons was 
2Ep with consideration of a change in potential of an atom. The Ep is the polaron binding energy 
given by 
𝐸𝑝 = (
1
𝜀0
− 
1
𝜀∞
)
𝑚𝑒4
6𝜋ℏ2
    (2.12) 
where 𝜀0 and 𝜀∞ are the static and high frequency dielectric constants, respectively, and 𝐸𝑝 is 
179 meV.
171
 The phonons can also be excited via a ‘shake-up’ effect, due to the energy of a 
photon being much larger than that of a phonon, thus the optical absorption spectrum would 
give a maximum peak at 4Ep (0.72 eV corresponding to wavelength 1722 nm) from the start 
point of 2Ep.
171
 The maximum NIR absorption peak of sample AM375q was measured at around 
2000 nm. 
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    In summary, the optical absorption peak at NIR of samples AM375q before and after 
annealing was attributed to the formation of VO leading to IVCT/SPH. With low VO 
concentration, the IVCT/SPH absorption peak can be estimated via the Bryksin model with a 
maximum absorption peak at 4Ea + Ef in agreement with our sample of AM375q-ann with Ea 
around 0.2 eV and maximum absorption peak at 1000 nm. With high VO concentration, the 
IVCT/SPH absorption peak can be estimated by large polaron theory with maximum absorption 
peak at 4Ep. The sample of AM375q gave a maximum absorption peak at around 2000 nm close 
to the theoretical peak maximum at 1722 nm calculated via large polaron theory.
171
   
     
2.3 Growth Mechanism of Nanostructured Tungsten Oxide Thin 
Films Deposited via AACVD 
2.3.1 Introduction  
Varying morphologies of tungsten oxide thin films have been prepared on different substrates, 
by varying solvent and temperature during AACVD (in section 2.3). However, how these 
various parameters alter the morphology of tungsten oxide was not fully understand. To resolve 
this, we deposited tungsten oxide thin films using tungsten hexacarbonyl W(CO)6 in a mixture 
of acetone (10 mL) and methanol (5 mL) (AM375q) at a substrate of 375 °C. The morphologies 
of the tungsten oxide thin films obtained were analysed from the inlet (5 mm) of the reactor to 
the outlet (45 mm) (total reactor length = 60 mm) at 10 mm intervals. The morphology change 
is related to the competition between nucleation and perpendicular growth for tungsten adatoms 
and a mathematical description made by combining kinetic factors and statistical mechanical 
arguments. Hence, the change of substrate temperature and the number density of precursor 
molecules in the vapour affected the nucleation rate and perpendicular growth rate, resulting in 
a change from planar to NR structure.   
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2.3.2 Growth Mechanism of Planar or Nanorod Structured Tungsten 
Oxide Thin Films 
2.3.2.1 Experimental 
The sample of tungsten oxide thin film (AM365q) prepared by AACVD has been described in 
experimental section 2.2.2.  
    The temperature of the substrate was determined at 5, 15, 25, 35 and 45 mm along the quartz 
by a type-k thermocouple which was stuck to the surface of the quartz using copper metal tape 
and the temperature recorded by a temperature controller (EUROTHEM 2116). It is 
acknowledged that this setup is unlikely to provide the absolute temperature and therefore all 
our results are relative.
153
 
 
2.3.2.2 Results and Discussions 
The as-synthesized WOx thin film, as presented in Figure 2.26, showed the morphology 
transitions from planar to NR structure from the inlet to the outlet of reactor. The NR structure 
was found at a distance between 25 and 50 mm from the inlet where the temperature was 
recorded between 351 to 358 °C on the surface of a quartz substrate. A dense planar structure 
appeared within the first 25 mm of the thin film where the temperature was below 351 °C on the 
surface of substrate, as demonstrated in Figure 2.26. The blue colour was darker at the front of 
substrate, but the mean thickness of thin film increased at 5 (800 ± 100), 15 (1100 ± 400), 25 
(1500 ± 200), 35 (3800 ± 300) and 45 mm (4000 ± 500 nm) from the inlet, as shown in SEM 
images in Figure 2.26. This may be due to formation of a more dense planar structure near the 
inlet and a less dense NR structure further from the inlet. Moreover, the NRs ‘forest’ at 35 and 
45 mm occupied 50 and 38 % area of substrate respectively, estimated by counting the areas of 
white (NRs) and black pixels (gaps) from SEM images in Figure 2.26.
153
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Figure 2.26. Determination of the morphology of various points on the WOx thin film deposited for 30 min by SEM 
demonstrating that structures from planar to NRs are obtaining at different distances from ( 5, 15, 25, 35, 45 mm) and 
the measured temperature distribution along the length of a quartz substrate.153 
 
    Glancing angle X-ray diffraction shows two relatively intense peaks at 23.5 and 48.0 ° (2θ) 
on all points within the thin film as shown in Figure 2.27. These two peaks can be attributed to 
the (001) and (002) reflections of W32O84 (PDF 77-0810, a=21.43 Å, b=17.77 Å, c=3.79 Å, 
α=90 °, β=90 °, γ=90 °) with two peaks at 23.5 and 48.1 °. As the distance from the inlet of the 
reactor increases, the intensity of the two peaks (001) and (002) becomes stronger, and other 
less intense peaks emerge corresponding to other reflections of W32O84. Reflections of the 
monoclinic W25O73 structure (PDF 071-0070, P12/c, a=11.93 Å, b=3.82 Å, c=59.72 Å, 
β=98.30°) are also observed. Therefore the as-synthesized WOx thin film is comprised of 
W25O73 and W32O84. Moreover, the increase of relative intensity of diffraction peaks (001) and 
(002) with increasing distance from the inlet strongly suggests the growth direction of the NR 
was along [001], which correlates with SEM since the NR structure appears and the length of 
NRs increase as the distance from the inlet increases above 25 mm (Figure 2.19). However, the 
total intensity of each diffraction peak decreased between 25 and 45 mm, where the length of 
NRs increases, possibly due to the decrease in NR occupied surface area between 25 and 45 mm. 
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Figure 2.27. Glancing angle XRD patterns of various points within a WOX thin film deposited for 30 min at various 
distance (5, 10, 15, 25, 35 and 45 mm) from the inlet of the reactor with reference patterns for W32O84 (WO2.63) in red 
and W25O73 (WO2.92) in blue. 
 
    Generally, deposition of thin films usually proceeds via nucleation and growth stages which 
include three modes: Frank van-der-Merwe (FM) (layer-by-layer), Stranski-Krastanov (SK) 
(layer plus island) and Vollmer-Weber (VM) (island). If the adatoms prefer to bond with the 
substrate rather than the growing material, the VM mode is favoured, otherwise FM is selected, 
or SK mode is preferred in the intermediate situation. Hence, the growth mode selected is 
normally dependent on a thermodynamic change (change of substrate), but the morphologies 
change in Figure 2.26 can also be explained using kinetic arguments. The competition between 
nucleation rate (growth rate parallel to substrate) and growth rate (perpendicular to substrate) 
results in a wave-like morphology on the surface of the thin film as shown schematically in 
Figure 2.28. The gap between wave crest and trough of thin film surface (cross-section view 
Figure 2.28) varies based on ‘kinetic competition’, when the gap is wide enough the NR 
structure will be formed.  
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Figure 2.28. Simulation of wave-like morphology of the surface of WOx thin film. 
 
    To confirm the theory of ‘kinetic competition’, a nucleation rate and perpendicular growth 
rate were measured from the as-synthesized thin film. The nucleation rate was abstracted from 
the SEM images from Figure 2.29. At a point 5 mm from the inlet of the reactor the nucleation 
rate was very fast, and after 180 seconds, spherical islands with average size 53± 3 nm occupied 
all available space on the substrate surface. At 25 mm, needles and spherical islands (average 
size 46 ± 3 nm) were found after 60 seconds deposition, and after 180 seconds the surface of the 
substrate was occupied by NRs. At 45 mm, the density of NR islands was lower than 5 mm or 
25 mm for the same deposition time, and after depositing for 1800 seconds island coalescence 
can be seen when the film is viewed from the back, i.e. from the substrate side. Abstracting 
from the SEM images, the plots of island density dependent on deposition time at different 
positions are shown in Figure 2.29a in order to obtain a nucleation rate (J in unit of island m
-2
 s
-
1
). The slopes of these plots show J decreases along the distance from the inlet to the outlet of 
the reactor.  
    Subsequently, the perpendicular growth rate rperp was estimated by the thickness of the thin 
film measured by cross-sectional SEM (Figure 2.26). It depends on substrate temperature, as 
shown in Figure 2.30b, where the Arrhenius plot gives an activation energy of 29.4 ± 3.8 kJ/mol, 
slightly higher than previously reported 0.22 eV (21.2 kJ/mol) from the precursor tungsten (IV) 
oxo fluoroalkoxide.
172
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Figure 2.29. Determination of the number of nucleus of WOx thin film deposited by SEM for (a,b) 60 and 180 
seconds at 5 mm; (c,d) 60 and 180 seconds at 25 mm (higher magnification inset); (e,f,g) 30, 60, 180 seconds at 45 
mm. (h) the back side of an as-synthesized thin film at 45 mm delaminated from the substrate (higher magnification 
inset).153 
 
    As shown in Figure 2.30c, as the nucleation rate J rises, the perpendicular growth rate rper 
reduces from the inlet to the outlet of reactor. At point 25 mm J and rper were around 1.4 × 10
12
 
m
-2
s
-1
 and 1.6 × 10-9 ms-1 respectively. When J was lower than 1.4 × 1012 m-2s-1 and rper higher 
than 1.6 × 10-9 ms-1, NR structure is favoured, otherwise planar was favoured. 
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Figure 2.30. (a) Nucleation density nx and average size of nucleation islands (obtained from SEM images of WOx 
thin film deposited at 5, 25 and 45 mm) for 60, 180 and 1800 seconds, with the calculation of nucleation rate J; (b) 
Arrhenius plot of growth rate along the direction perpendicular to substrate versus inverse temperature of substrate; (c) 
the plot of growth rate rperp (green) and the nucleation rate J (blue) at various positions from inlet to outlet of 
reactor.153 
 
    However, the units for J (m
-2 
s
-1
) and rper (m s
-1
) were different. If nucleation is considered as 
thin film growth parallel to substrate, and the area each island cluster can occupy is d
2
, where d 
is the average side-length of an island assumed to be a cube (volume d
3
), then time t, which is 
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represented by 1 ⁄ (J×d2), is the time taken for clusters to occupy a unit 1 m2 area of the 
substrate surface, forming a thin film with thickness d. In other words, the nucleation of islands 
contributes to thin film perpendicular growth with thickness d in the period of time t. 
Subsequently, the contribution of the nucleation rate J to thin film perpendicular growth at rate 
ri is represented by d / t = J×d
3
, and so ri ∝ J, as shown in Figure 2.31. 
 
Figure 2.31. The processes of conversion of nucleation rate J to thickness increase rate contributed by J, ri, and then 
the ratio of height of wave trough to that of crest equals to ratio of perpendicular rate rper to ri. 
 
    As shown in Figure 2.29a and 2.30a, the diameter of each nucleation cluster was about 40 to 
50 nm at different points. Hence, the average size of clusters was ~ 45 nm, and then the 
thickness increase rate ri contributed by J can be calculated as shown in Figure 2.31. Therefore, 
the ratio of rper to ri was obtained which matched the ratio of the height of a wave trough to that 
of a crest at points 5 mm and 15 mm (Figure 2.32). Consequently, the wave-like morphology of 
the as-synthesized thin film prepared by AACVD can be considered as attributed to the ‘Kinetic 
competition’ between nucleation rate J and perpendicular rate rper and when the ratio of rper to ri 
is larger than 7.1 the NR structure is obtained. However, when the rate of perpendicular growth 
(rper) increases rapidly, the ratio of rper to ri did not correlate well ratio of the height of the wave 
trough to that of the crest.   
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Figure 2.32. The increase of ratio of rperp and ri at position from 5 to 50 mm (yellow bar) resulting in the distance 
between the crest and trough larger. NR structure emerges after 25 mm with ratio above 7.1.153 
 
    Therefore, the different growth modes resulting in morphologies transitioning from planar to 
NR structure can be explained by kinetic competition between nucleation rate (parallel) and 
perpendicular rate (growth). As shown in Figure 2.33, when the nucleation rate was extremely 
fast and perpendicular rate was low, the nucleation clusters were produced very quickly, 
forming a relatively flat surface similar to that seen in layer-by-layer growth. As the nucleation 
rate reduced and perpendicular rate increased, the wave-like morphology was formed similar to 
a growth mode of Layer-plus-island. When the nucleation was extremely low and perpendicular 
growth rate high, NR structure can be found similar to a growth mode of island growth. 
 
Figure 2.33. The simulation of different growth processes base on different growth modes due to kinetic competition. 
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    To understand how the deposition conditions relate to the kinetic competition between 
nucleation rate and perpendicular growth rate an atomistic description of the tungsten oxide thin 
film deposition by AACVD was considered (Figure 2.34). Six main steps occur: transportation 
of precursor onto the surface of the substrate, adsorption/desorption of precursor molecules on 
the substrate, pyrolysis of the precursor, tungsten atom diffusion, reaction for tungsten 
oxide/nucleation and finally thin film growth with three growth modes: FM (layer-by-layer) 
growth, SK (layer plus island) growth and VM (island) growth.
153
 To determine the competition 
amongst different growth modes, we considered the impact of various deposition conditions at 
each step.
153
 
 
Figure 2.34. Typical atomistic processes during thin film growth via AACVD with three growth modes: (a) FM 
growth, (b) SK growth and (c) VM growth corresponding to various structures from planar to NR of WOx.
153 
 
    Firstly, the precursor W(CO)6 solution was transported by carrier gas (such as N2) as an 
aerosol over the surface of a heated substrate at a flux Rpre (in units of molecules m
-2
s
-1
) given 
by (see Equation 1.2) 
𝑅𝑝𝑟𝑒 = 
𝑝
√2𝜋𝑚𝑘𝑇
    (2.13) 
where p is precursor vapour pressure, m is the molecular weight of precursor, k is Boltzmann’s 
constant and T is the temperature of the vapour source (considered as the surface temperature of 
the substrate, Ts).
69
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    If the flow of precursor aerosols is considered as an incompressible ideal fluid, and therefore 
gravity ignored, p, which is the static pressure on the substrate, can be estimated by a simplified 
form of Bernoulli’s equation: 
𝑝 = (𝐶𝑐𝑜𝑛𝑠  − 𝜐𝑤
2 /2)𝜌𝑝𝑟𝑒    (2.14) 
where ρpre is the density of precursor aerosols in the vapour (in units of molecules m
-3
) 
calculated by 
𝑚
𝑣
 , (m is the mass of an aerosol, v is the volume of an aerosol estimated by 
4
3
𝜋𝑟3 
where r is the radius of an aerosol calculated by  
𝑘
2
(
2𝜋𝛾
𝜌𝑓2
)
1
2  (see section 1.2.1)), Ccons is the 
constant of Bernoulli’s equation and 𝜐𝑤 is flow speed (in unit of m s
-1
). Hence, Equation 2.13 
can be written as 
𝑅𝑝𝑟𝑒 = 
(𝐶𝑐𝑜𝑛𝑠 −
1
2
𝜐𝑤
2 )𝜌𝑝𝑟𝑒
√2𝜋𝑚𝑘𝑇𝑠
    (2.15) 
    After arriving at the heated substrate, W(CO)6  molecules on the surface will only stay for a 
finite time before re-evaporation, which is described as the adsorption residence time 𝜏𝑎: 
𝜏𝑎 = 
exp (𝐸𝑎/𝑘𝑇𝑠)
𝜐𝑎
    (2.16) 
where Ea is the adsorption energy of W(CO)6  molecules on a quartz surface and 𝜐𝑎  is an 
absorption vibration frequency in the order of 1-10 THz.
69
 Hence the rate of mass transport (Rw) 
of W(CO)6 onto the surface of the substrate before desorption can be expressed by  
𝑅𝑤 = 𝑅𝑝𝑟𝑒𝜏𝑎 = 
(𝐶𝑐𝑜𝑛𝑠 −
1
2
𝜐𝑤
2 )𝜌𝑝𝑟𝑒𝜏𝑎
√2𝜋𝑚𝑘𝑇𝑠
    (2.17) 
    Subsequently, the adsorbed W(CO)6 precursor decomposes above 250 °C producing tungsten 
atoms.
173
 The rate of pyrolysis is controlled by the dissociation of the first CO ligand after 
which the dissociation of the other five CO bonds is rapid.
174
 Hence, the pyrolysis of W(CO)6 is 
suggested to be a first order reaction, and the pyrolysis rate, rpre (in unit of atoms m
-2
 s
-1
) is
75,175
 
𝑟𝑝𝑟𝑒 = 𝑅𝑝𝑟𝑒[𝐴 exp(−𝐸𝑝 𝑅𝑇𝑠⁄ )]    (2.18) 
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where R is the gas constant, A is the pre-exponential and Ep is the activation energy of W(CO)6 
pyrolysis (159 to 192 kJ/mol).
176,177
 As the temperature increases, the rate constant of precursor 
pyrolysis increase, and consequently when the rate constant is equal to 1, rpre equals Rw and the 
pyrolysis rate depends only on the arrival of precursor due to extremely rapid rate of pyrolysis. 
Hence, the temperature required to make the rate constant equall to 1 attributing to the 
maximum mass transport of W atoms, is represented by  𝑇∗ which can be calculated by 
 𝑇∗ = 
𝐸𝑝
𝑅𝑙𝑛 𝐴
    (2.19) 
where Ep is 44.3 kcal/mol (185.5 kJ/mol),  logA is 15.5 (lnA = 36.7), and then  𝑇∗ is estimated as 
352 °C, which is similar to the substrate temperature at 25 mm where the NR structure start to 
be found (Figure 2.26).
178
  
    Therefore, 𝑛𝑤, the density of the adatoms W (in unit of atoms m
-2
) condensed on the surface 
of the substrate, can be calculated via an expression: 
𝑛𝑤 = 𝑅𝑤𝐴exp(−𝐸𝑝 𝑅𝑇𝑠⁄ ) =  𝑅𝑝𝑟𝑒𝜏𝑎𝐴exp(−𝐸𝑝 𝑅𝑇𝑠⁄ )   (𝑇𝑠  <   𝑇
∗) 
(2.20) 
                 𝑛𝑤 = 𝑅𝑤 = 𝑅𝑝𝑟𝑒𝜏𝑎     (𝑇𝑠  ≥   𝑇
∗) 
when 𝑇𝑠 is below  𝑇
∗ then 𝑛𝑤 is limited by the pyrolysis rate of W(CO)6 on the substrate. If 𝑇𝑠 is 
above  𝑇∗, and then 𝑛𝑤 is limited by the rate at which W(CO)6 (𝑅𝑤) arrives at the substrate. 
    To estimate the 𝑛𝑤 and ρpre at various positions of the surface of substrate, we assumed the 
as-synthesized WOx thin film only consists of the W32O84 (PDF 77-0810, a=21.43 Å, b=17.77 Å, 
c=3.79 Å, α=90 °, β=90 °, γ=90 °) phase, and the precursor W(CO)6 deposited equally on the 
walls of the reactor and on the surface of the substrate. Therefore, the adsorption energy Ea is 
calculated as 1.2 eV (115 kJ/mol), and profiles of 𝑛𝑤 and nw
2
 against Ts and ρpre are shown in 
Figure 2.35. In Figure 2.35a and b, peak maxima 𝑛𝑤  and 𝑛𝑤
2
 appear at 𝑇𝑠  =   𝑇
∗=352 °C 
corresponding to the  maximum mass transport of W.
153
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Figure 2. 35 The scaled density profile of W atoms absorbed and deposited on the surface of the substrate before 
evaporation, nw and its square nw
2 for (a,b) temperature of substrate surface, Ts (612 to 631 k) and the density of 
precursor aerosols, ρpre (11.2 to 4.4 × 10
21 m-2). 
 
    The oxidation of W atoms occurs rapidly to nucleate WOx islands.
179
 Moreover, the sources 
of oxygen likely come from the solvent (acetone and/or methanol), or from air leaking into the 
reactor.
78
 Consequently, the nucleation rate of tungsten oxide can be simplified to the nucleation 
rate of tungsten adatoms. If only re-evaporation and a perfect substrate surface are considered, 
and only single W adatoms can move, then the nucleation rate, J, can be given by
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𝐽 =  
𝑑𝑛𝑥
𝑑𝑡
=  𝜎𝐷𝑛𝑤𝑛𝑖    (2.21) 
where 𝑛𝑤 is the density of stable islands with size larger than a critical nucleus size (smaller 
than which are unstable and decay) and σ is a capture number representing the competition 
between islands for available adatoms.
180
 The diffusion coefficient D can be written by 
𝐷 = 
𝜐𝑑𝑎
2
4
exp (−
𝐸𝑑
𝑘𝑇𝑠
)    (2.22) 
where Ed is the diffusion energy and 𝜐𝑑 the diffusion frequency (which smaller than 𝜐𝑎) and α is 
the jump distance which is of the same order as the surface repeat distance
75,181
. The ni is the 
density of critical nuclei on a perfect surface, which can be written by an atomistic expression as 
𝑛𝑖 = 𝐶𝑖𝑛𝑤 exp (
𝐸𝑖
𝑘𝑇𝑠
)    (2.23) 
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where Ci is a statistical weight of order 1-10, and the critical nuclei is defined as when the nuclei 
with size above critical size i , the nuclei is more likely to grow than decay.
181
  
    Therefore, Equation 2.22 and 2.23 are substituted in Equation 2.21, and then the nucleation 
rate J can be given by 
𝐽 =  𝜎𝐷𝑛𝑤𝑛𝑖 =  
𝜎𝐶𝑖𝜐𝑑𝑎
2
4
𝑛𝑤
2 exp (
𝐸𝑖−𝐸𝑑
𝑘𝑇𝑠
)    (2.24) 
    Subsequently, Equation 2.15, 2.16 and 2.20 can be substituted in Equation 2.24, and then the 
nucleation rate J can be calculated by 
𝐽 =  
 𝜎𝐶𝑖𝜐𝑑𝑎
2𝐴2(𝐶𝑐𝑜𝑛𝑠 −
1
2
𝜐𝑤
2 )2𝜌𝑝𝑟𝑒
2
8𝑣𝑎
2𝜋𝑚𝑘𝑇𝑠
 exp (
2𝐸𝑎+𝐸𝑖−𝐸𝑑−2𝐸𝑝
′
𝑘𝑇𝑠
)    (𝑇𝑠  <  𝑇
∗)    (2.25) 
                  𝐽 =  
 𝜎𝐶𝑖𝜐𝑑𝑎
2(𝐶𝑐𝑜𝑛𝑠 −
1
2
𝜐𝑤
2 )2𝜌𝑝𝑟𝑒
2
8𝑣𝑎
2𝜋𝑚𝑘𝑇𝑠
 exp (
2𝐸𝑎+𝐸𝑖−𝐸𝑑
𝑘𝑇𝑠
)    (𝑇𝑠  ≥  𝑇
∗)    (2.26) 
Where 𝐸𝑝
′  equals to 
𝐸𝑝
′  
𝑁𝐴
, NA is Avogadro constant. To simplified Equation 2.25 and 2.26, the 
change of 𝜐𝑑 and 𝑣𝑎
2 are considered to be counteracting as varies 𝑇𝑠. Hence, the pre-factor can 
be treated as a constant 𝛺: 
𝛺 = 
 𝜎𝐶𝑖𝜐𝑑𝑎
2(𝐶𝑐𝑜𝑛𝑠 −
1
2
𝜐𝑤
2 )2
8𝑣𝑎
2𝜋𝑚𝑘
    (2.27) 
When  𝑇𝑠 > 𝑇
∗ (352 °C), based on Equation 2.27 the nucleation rate J relating to the square of 
W adatoms density 𝑛𝑤
2
 and substrate temperature 𝑇𝑠 (Figure 2.36a), and relating to density of 
precursor ρpre and 𝑇𝑠  (Figure 2.36b) shows that a high nucleation rate appears in regions of 
lower temperature and/or higher density of adatoms or precursor.  
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Figure 2.36. The scaled profile of nucleation rate J as a function of substrate temperature Ts and square of W adatoms 
density, nw
2 (a), or precursor density ρpre (b).
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    Due to the starting point of NR growth being around 25 mm, where the temperature is close 
to 𝑻∗, we conclude that NR can be found above 𝑻∗ at which point the mass transport of W 
atoms is a maximum. Hence the nucleation J for NR structure can be simplified as 
𝐽 =  𝛺
𝜌𝑝𝑟𝑒
2
𝑇𝑠
exp (
𝐸𝑁𝑅
𝑘𝑇𝑠
)    (2.28) 
where ENR represent the energy for nucleation of the NR structure expressed by 2𝐸𝑎 + 𝐸𝑖 − 𝐸𝑑. 
Finally, the kinetic competition for NR growth can be estimated by the ratio (RKC) of 
perpendicular growth to thickness increase rate contributed by nucleation rate (J×d
3
) as follows 
𝑅𝐾𝐶 = 
𝑟𝑃𝑒𝑟
𝑟𝑖
= 
𝑟𝑝𝑒𝑟
𝐽𝑑3
= 
𝐴𝑝𝑒𝑟 exp (−
𝐸𝑎𝑐𝑡
𝑘𝑇𝑠
)
𝑑3𝛺
𝜌𝑝𝑟𝑒
2
𝑇𝑠
exp (
𝐸𝑁𝑅
𝑘𝑇𝑠
)
 
∴  𝑅𝐾𝐶 = 𝐶𝐾𝐶
𝑇𝑠
𝜌𝑝𝑟𝑒
2 exp (−
𝐸𝐾𝐶
𝑘𝑇𝑠
)    (2.29) 
where rper is the perpendicular growth rate which is usually a zero order reaction.
182
 The 
constant CKC and energy EKC of kinetic competition ratio are represented by  
𝐴𝑝𝑒𝑟
𝑑3𝛺
 and 𝐸𝑎𝑐𝑡 +
 𝐸𝑁𝑅  respectively. As shown in Figure 2.33, when the RKC is not smaller than 7.1, the NR 
structure can be found in the as-synthesized tungsten oxide thin film prepared by AACVD. 
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2.3.3 Growth Mechanism of Tungsten Oxide Nanorods 
In the previous section, the controlled growth of tungsten oxide NRs via deposition parameters 
such as temperature and concentration of precursor was discussed. Herein, we describe the 
growth mechanism of tungsten oxide NRs as a function of deposition time during AACVD via 
observation of their growth process by microscopy e.g. SEM and TEM. 
A schematic diagram for tungsten oxide NR growth is shown in Figure 2.37 describing four 
steps: (1) nucleation; (2) NR growing and extruding from nucleus; (3) the growing NR 
coalesces with neighbouring NR; (4) as the NR grows, more NRs coalesce leading to increasing 
in the diameter of the NR. Finally, this leads to a NR array (Figure 2.38a) with a smaller number 
of NR at the top of the film on the bottom. 
 
Figure 2.37. Schematic diagram of the growth process of the tungsten oxide NR arrays (a) is following (1) nucleation, 
(2) NR growth along [001] direction, (3) NRs coalescence and (4) more NRs coalescence attributing to diameter 
increase. 
 
    The nucleus was observed by HRTEM (Figure 2.38b) where defects were observed in the 
[010] and [100] directions which may be ascribed to an absent of bridging O ions which would 
result in an increase of  the W-W distance and shortening of W-O bonds (~ 0.2 Å) at the VO 
site.
165
 This could lead to the observed formation of dislocation loops with diameter around 0.4 
to 1.5 nm, and hence the formation of these suppresses the crystal growth in those directions. 
Subsequently, the NR grows along the [001] direction extruding from the nucleus a shown in 
Figure 2.38c. As the NR grows, the coalescence of randomly oriented NRs occurs giving rise to 
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an increase in the NR diameter. This coalescence is supported by observation of 
crystallographic shear planes (CSPs) which gradually disappear as the NRs grows, with a 
reduction in angles between lattices from different NRs (5.4 and 4.3° at interface I and II 
respectively, Figure 2.38d). The NR diameter growth was able to be described as layer growth 
along direction [010] and [100] (thickness 1
st
 layer > 2
nd
 > 3
rd
 > 4
th
, Figure 2.38e). 
 
Figure 2.38. TEM image of the NR array (a). HRTEM of top view of a nucleus (b) showing dislocation loops 
(yellow circles) in direction [010] and [100] with diameter (~ 0.4 to 1.5 nm). A NR extruding from a nucleus and 
growth along direction [001] (d). Onset of two NRs coalescence at the interface I with the angle 5.4 ° between lattices 
reducing to 4.3 ° as NRs growth (d). A NR formed from coalescence of other four NRs demonstrating four layer with 
interfaces (white rectangle) (e). 
 
    As shown in Figure 2.39, the diameter of the NR top increased from e.g. 75 ± 5, 80 ± 5, 
85± 5, 90 ± 5, 115 ± 10, 170 ± 15 and 170 ± 15 nm measured according to the length of NRs 
growth corresponding to deposition times of  0.5, 1, 3, 5, 10, 20, 30 min (Figure 2.40). 
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Figure 2.39. A typical single NR (a), abstracted from as-synthesized thin film with randomly orientated NRs (c), 
used to estimate the NR diameter as a function of increasing deposition time. 
 
    The growth rate of the NR was estimated by measuring the thickness of as-synthesized thin 
film determined by cross-section SEM. As shown in Figure 2.40, the cross-section SEM images 
of the as-synthesized thin films for 30 seconds to 30 minutes illustrated the thickness (which 
were measured at the point 30 mm from the inlet of reactor) increase from 430 (±70) nm (30 s) 
to 2300 (±100) nm (30 mins) as demonstrated in  Figure 2.40. The NR length of those thin 
films deposited for 30s to 3 mins rose from 430 (± 70) nm to 760 (± 90) nm, and the density of 
NRs increased similar to the prediction for the island growth mode (Figure 2.30) due to kinetic 
competition between nucleation rate (low) and perpendicular growth rate (high).  
 
Figure 2.40. The cross-sessional SEM images of WOx thin films with NR structure were prepared by AACVD for 
various deposition times such as 30 s, 1 min, 3 min, 5 min, 10 min and 30 min. 
 
    The thickness increase of the as-synthesized thin film is not linear with deposition time. As 
shown in Figure 2.41, the thickness of the thin films, D, abstracted from the measurement of the 
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thickness from cross-section SEM images in Figure 2.40 can be related to the deposition time, t, 
expressed by 
𝐷 = 102𝑡0.42    (2.30) 
where that equation implies the NR growth rate, rper, varies as the thickness changes. Therefore, 
the change of rper at different thickness can be estimated by the derivative of Equation 2.30 
𝑟𝑝𝑒𝑟 = 
𝑑𝐷
𝑑𝑡
= 43𝑡−0.58    (2.31) 
    In Section 2.4.2.3, the perpendicular growth rate can be expressed by a zero order Arrhenius 
equation  𝑟𝑝𝑒𝑟 =  𝐴𝑝𝑒𝑟 exp (−
𝐸𝑎𝑐𝑡
𝑅𝑇𝑠
) where the pre-factor Aper and activation energy Eact was 
obtained from an Arrhenius plot (Figure 2.30b), 1771 and 29.4 ± 3.8 kJ/mol respectively, when 
the excessive adatoms arrived at NR growth point.  
 
Figure 2.41. The thickness of the as-synthesized WOx thin film  against time was fitted by simulated line. 
 
    The change of thickness D and growth rate rper as a function of deposition time t was 
extrapolated based on Equation 2.30 and 2.31 as shown in Figure 2.42. The thickness increased 
with deposition time, though the growth rate decreased. When the deposition time was between 
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0 to 320 second, rper experienced a sharp reduction, as the deposition time is extrapolated to 
infinity, the growth rate will be zero. Therefore, after reaching 3600 nm, the thickness is 
expected to increase at a very slow rate. 
 
Figure 2.42. The scaled profile of Thickness, D, and growth rate, rper, as a function of deposition time based on 
Equation 2.30 and 2.31. 
 
2.4 Conclusion 
In this chapter, an optimisation of the deposition parameters for tungsten oxide NR growth via 
AACVD was presented. When using pure methanol as a solvent, a mixture of acetone and 
toluene or acetone and methanol, the NN or NR like structure can be deposited on alumina, 
silicon, glass or quartz substrates. The effects of solvent include: (1) solubility of precursor 
attributing to different concentration precursor in solution and aerosols; (2) diameter of aerosols; 
(3) reactions with precursor, substrate and/or the formed thin films by donating oxygen or 
forming interstitial or substitutional carbon in the unit cell at elevated temperature.   
    This leads to the question of how the deposition parameters affect the morphologies of 
tungsten oxide. In the previous literatures, The VLS and VS mechanism studied on the driven 
force attributing to the 1D nanostructure growth (e.g. screw-dislocation driven mechanism and 
defect-driven mechanism) without correlating the deposition parameters to the formation of 
109 
 
various nanostructures (1D, 2D or 3D). Therefore, the limits of previous growth models were 
failed to predict the morphologies of thin films formed with varying the deposition parameters 
during AACVD.  
    Herein the morphologies of as-synthesised tungsten oxide thin film were observed changing 
from planar to NR structure along the distance from the inlet to the outlet of the reactor, I 
ascribed this to the competition for adatoms on the substrate between perpendicular growth with 
rate rperp and nucleation (parallel growth) with rate J resulting in various ratios of rperp to ri (film 
thickness increase rate contributed by J, 𝑟𝑖 ∝ 𝐽 ). That competition was ascribed to kinetic 
competition estimated by a kinetic competition ratio calculated by Equation 2.29 for predicting 
NR structure. As that ratio increases, the cross-section morphology of the surface of the planar 
as-synthesised thin film appears to be wave-like; when that ratio is larger than 7.1 the structure 
transitions to NR (Figure 2.32). The rperp is dependent on the substrate temperature Ts, and the ri 
is proportional to J, which is dependent on the density of precursor vapour ρpre and Ts (J is 
proportional to ρpre
2
 and Ts
-1
).  As the distance from the inlet to the outlet of the reactor increases, 
the change of deposition conditions of Ts (increase) and ρpre (decrease) results in rperp (increase) 
and ri (decrease), and an increase in the ratio of rperp to ri leading to a transition in growth mode 
from Frank-van der Merwe (FM) (layer-by-layer) and Stranski-Krastanov (SK) (layer plus 
island) to Volmer-Weber (VM) (island), and hence the morphology from planar to NR. 
Therefore, if the planar structure is desired, the preferred deposition conditions are relatively 
low Ts for compressing perpendicular growth, and high ρpre for accelerating the nucleation rate J 
(parallel growth) e.g. low substrate temperature and high precursor flux. For NR structure, not 
only does the nucleation growth rate need to be compressed (relatively low ρpre), but the most 
important factor is an increase in rperp which is dependent on Ts and activation energy Eact. In 
other words, when Eact is high, extremely high Ts would be required to obtain NR structure. 
Consequently, several methods and mechanisms have been introduced to decrease Eact in order 
to fabricate NR structures at relatively low temperatures, i.e. VLS and VS mechanisms 
introduce catalysts to reduce Eact for NR growth, the use of plasma can reduce Eact, use of 
different precursors can also impact on the Eact such as W(CO)6 (Eact = 29.4 kJ/mol), 
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WO[OCCH3(CF3)2]4 (21.2 kJ/mol, NR expected to appear at around 300 °C) and 
WO[OC(CH3)2CF3]4 (32.8 kJ/mol, NR expected to appear at around 350 °C) resulting in the 
required Ts for NR structure increasing as Eact increases.
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    After nucleation, the defects and dislocation loops were found in the [100] and [010] 
directions suppress the crystal growth in those directions. Alternatively, NRs are able to grow in 
the [001] direction without defects by extruding from nucleus. Afterward, the NRs coalesce 
with neighbouring NRs leading to the observed increase of NR diameter from 73 to 170 nm 
with deposition time from 30 s to 30 min.   
The NRs growth rate was estimated from the observation of thin film thickness change by 
SEM. When the deposition time was between 0 to 320 second, rper experienced a sharp 
reduction, because as the deposition time is extrapolated to infinity the growth rate will be zero, 
which corresponds to the thickness above 3600 nm increasing at a very slow rate. 
Finally, based on the Venables’ kinetic theory and the observation of different morphologies 
of tungsten oxide thin films with various deposition parameters during AACVD, the ‘Kinetic 
competition’ equation was deduced (Equation 2.29) which could use to estimate temperature for 
the 1D structure formation of other metal oxides during AACVD, after conducting a small 
series deposition to work out the constant in that equation. 
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CHARPTER 3: NANOSTRUCTRED 
TUNGSTEN OXIDE: FUNCTIONAL 
PROPERTIES AND APPLICATIONS 
 
In this chapter, the potential applications of the as-synthesized thin film as a solar light filter and 
for photodegradation of stearic acid are explored. 
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3.1 Solar Heat-Filter Coating (NIR Absorption Thin Film) 
3.1.1 Introduction 
J.M. Berak et al. reported Hall effect studies on WO3 and WOx revealing that as the oxygen-
deficiency increased, the density and mobility of charge carriers (free electron) increase.
164
 In 
previous sections, the synthesis and growth mechanism of substoichiometric tungsten oxide NR 
(W32O84) via AACVD have been studied. Substoichiometric tungsten oxide contains oxygen 
vacancies (VO) that lead to intervalence charge transfer (IVCT) / small polaron hopping (SPH) 
absorption and the observation of an absorption band. 
    Based on this NIR absorption property of WOx, an NIR shielding coating fabricated from 
WOx nanoparticles and NR was proposed in order to save energy from air conditioning by 
avoiding IR heating of sunlight into indoor enviroments.
183,184
 However, one of the challenges of 
a solar heat-shielding coating is to show high NIR absorption as well as high visible light 
transmittance. Herein, NR structured WOx thin films with different thickness were prepared by 
AACVD on quartz in order to study the relationship between NR length and NIR absorption by 
estimating which thickness of WOx thin films balance NIR absorption and visible light 
transmittance. 
 
3.1.2 Experimental  
Substoichiometric tungsten oxide NR array thin films (AM375q) were prepared by AACVD 
with conditions described in section 2.2.2 in 30 s to 30 min denoted as WOx (“t”) where “t” 
represents the deposition time e.g. WOx (30 min).  
    To test the NIR filtering of the as-synthesized thin films, a simulated experiment was 
performed at room temperature around 20 to 22 °C (Figure 3.1). A 25 W halogen lamp bought 
from EXO-TERRA was used as light source. The temperature changes dependent on time were 
recorded by type-K thermocouple for 1 hour.  
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Figure 3.1. Schematic demonstration of simulated experiment of NIR absorption where a WOx thin film on quartz 
was placed on top of a polystyrene box irradiated by a 25 W halogen lamp and the temperature changes dependent on 
time were recorded by K-type thermocouple and thermometer from inside that box. 
 
3.1.3 Results and Discussions 
WOx thin films with NR structure were prepared by AACVD with the same conditions of 
AM375q (see section 2.2.2) for various time from 30 s to 30 min. As deposition time increased, 
the as-synthesized thin films became dark blue and less transparent as shown in Figure 3.2. 
 
Figure 3.2. The WOx thin films with NR structure were prepared by AACVD for various deposition time such as 30 
s, 1 min, 3 min, 5 min, 10 min and 30 min. 
 
    As shown in Figure 3.3, the SEM images of the as-synthesized thin films for 30 seconds to 30 
minutes showed the length of NR increasing from 430 (±70) nm (30s) to 2300 (±100) nm (30 
min), and the density of NRs also increased. Therefore, as length and density of NRs increase 
with the deposition time, the colour of those as-synthesized WOx thin films became darker and 
less transparent due to higher density of nucleation sites and greater amount of absorbing 
material. 
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Figure 3.3. The SEM images of WOx thin films with NR structure were prepared by AACVD for various deposition 
times: (a)30 s, (b)1 min, (c)3 min, (d)5 min, (e)10 min, (f)20 min and (g)30 min. 
 
    Glancing angle X-ray diffraction shows two relatively intense peaks at 23.5 and 48.0 ° (2θ) in 
the XRD patterns of all WOx thin films deposited from 30s to 30 mins as shown in Figure 3.4. 
These two peaks can be attributed to the (001) and (002) reflections of W32O84 (PDF 77-0810, 
a=21.43 Å, b=17.77 Å, c=3.79 Å, α=90 °, β=90 °, γ=90 °) with two peaks at 23.5 and 48.1 °, 
and the reflections of the mono-clinic W25O73 structure (PDF 071-0070, P12/c, a=11.93 Å, 
b=3.82 Å, c=59.72 Å, β=98.30°) are also observed. Therefore the as-synthesized WOx thin film 
is comprised of W25O73 and W32O84 which was discussed in Section 2.3.2 .As the deposition 
time increases, the length of NR became longer and the intensity of the two peaks (001) and 
(002) becomes stronger, and other less intense peaks emerge corresponding to other reflections 
of W32O84, possibly due to NRs growing along the [001] direction and becoming thicker which 
is in agreement with observation by SEM and TEM in Section 2.3.2. 
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Figure 3.4. Glancing angle XRD patterns of WOX thin films deposited for 30s to 30 min with reference patterns for 
W32O84 (WO2.63) in red and W25O73 (WO2.92) in green. 
 
    Figure 3.5 shows the transmittance reduces in all regions as deposition time increases due to 
the length of NRs increasing. In the UV region, the WOx thin film deposited for 1 min 
demonstrates 15 % less transmittance compared to that for a film deposited for 30 s, mainly 
attributed to the density of NRs increasing. The transmittance peak starts to appear at 364 nm 
for 1 min deposition, and then progressively red shifts to 384 nm (3 min), 396 nm (5 min), 468 
nm (10 min), 588 nm (20 min) and 620 nm (30 min).  
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Figure 3.5. Transmittance spectra of WOx thin films deposited for 30s, 1 min, 3 min, 5 min, 10 min, 20 min, and 30 
min respectively (aberant data due to grating change of the UV-Vis spectrometer). 
 
    The reflectance of all those WOx thin films were low in NIR (less than 5%), UV (less than 
15 %) and visible (less than 15 %) as shown in Figure 3.6. The sharp peak appearing around 
900 nm is due to the grating change by the spectrometer. The peak appearing at about 450 nm 
corresponds with the blue colour of the as-synthesized thin films. The reflectance peaks started 
to appear at 315 nm for 1 min deposition, and then red shifts to 319 nm (3 min), 356 nm (5 min), 
413 nm (10 min), 433 nm (20 min) and 433 nm (30 min).  
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Figure 3.6. Reflectance spectra of WOx thin films deposited for 30s, 1 min, 3 min, 5 min, 10 min, 20 min, and 30 min 
respectively (aberant data due to grating change of the UV-Vis spectrometer). 
 
    The calculated absorbance spectra of the WOx thin films were obtained from the expression 
𝐴% = 100 − 𝑇%− 𝑅 % as shown in Figure 3.7. The absorbance in all regions showed an 
increase as the length of NRs increase. The absorbance generally increases eight and six times 
in the NIR and visible regions respectively from deposition for 30s (430 (± 70) nm) to 30 mins 
(2300 (±100) nm). The NIR peak of samples WOx (30 s) and WOx (1 min) was difficult to find. 
As the deposition time increased and the length and density of the NR increased, the intensity 
and curvature of the NIR peak increased. 
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Figure 3.7. Calculated absorbance spectra of WOx thin films deposited for 30s, 1 min, 3 min, 5 min, 10 min, 20 min, 
and 30 min respectively (aberant data due to grating change of the UV-Vis spectrometer). 
 
    In order to investigate the NIR shielding property of WOx thin films deposited for 30 s to 30 
min on quartz, compared with a plain quartz substrate, the WOx thin films were put on the top of 
a polystyrene box shielding the irradiation from 25 W halogen light, and the temperature change 
of that box was recorded as shown in Figure 3.1. After being irradiated by the halogen light for 
one hour, the temperature of that box shielded by WOx thin film deposited for various times was 
47.6 (30 s), 47.5 (1 min), 46 (3 min), 45.6 (5 min), 43.5 (10 min), 43 (20 min) and 39.2 °C (30 
min) compared to 48.0 °C for plain quartz as shown in Figure 3.1. The result agrees with NIR 
absorption increasing as the length of the NRs increase owing to stronger IVCT/SPH absorption. 
Therefore, balancing visible light transmittance and NIR absorption, the WOx thin film 
deposited for 10 min is a potential candidate for NIR shielding coating with around 70 % visible 
light transparently and 40 % NIR absorption (1500 nm), reducing temperature by 4.5 °C in a 
simulated NIR absorption experiment. 
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Figure 3.8. The inside temperature of polystyrene box with a lid which is the WOx thin films deposited for 30s to 30 
mins dependence on the irradiation time. 
 
3.2 Photocatalytic Degradation of Toxic Pollutant  
3.2.1 Introduction 
The band gap (Eg) and band edge positions of metal oxide semiconductors are crucial in 
photocatalytic applications and heterojunction design. Although the valence band (VB) maxima 
(vs. NHE) of many metal oxide semiconductors, e.g. bulk WO3 with indirect band gap 2.6 ~ 2.8 
eV, are sufficiently positive to oxidise H2O, the conduction band (CB) minima are insufficiently 
negative to reduce O2/H
+
. This results in low photocatalytic activity compared to anatase (TiO2) 
as shown in Figure 3.9.
3,133,185,186
 A potential strategy to enhance photocatalytic activity is 
therefore to shift the conduction band (CB) level more negative than the O2/H+ reduction 
potential whilst at least maintaining the valence band (VB) level more positive than the H2O 
oxidation potential. This has previously been achieved by doping with metals and/or non-metals, 
or via the quantum size effect,
28,187,188
 although reproducible preparation of particles sufficiently 
small (< 2 nm) to exploit quantum size effects has proved synthetically challenging.  
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Figure 3.9. Relationship between band structures of WO3, Rutile (TiO2) and Anatase (TiO2), and the  redox potential 
of water splitting (vs. NHE at pH=0); the redox potential and general reactions for the photocatalytic degradation of 
organic pollutant: (I) the reduction reaction of O2 producing superoxide radicals (O2·) and/or hydroperoxy radical 
(HO2·), (II) the oxidation reaction of H2O creating hydroxyl radical (OH·).
133,141,189 
 
    In the previous section, the growth mechanism of tungsten oxide was studied. The formation 
of a WO3 NRs array was attributed to the VO created in the directions [100] and [010] leading to 
defects suppressing crystal growth but driving the crystal growth along direction [001] (without 
defects). In this section, the WO3 NR array thin films were prepared by AACVD for various 
deposition times from 30 s to 30 min in order to investigate if their band structure and 
photocatalytic varied. 
 
3.2.2 Experimental 
The WO3 NR array thin films were prepared by AACVD with the same conditions of AM375q-
ann (see section 2.2.2) for deposition times from 30 s to 30 min were denoted as WO3 (“t” min) 
where “t” represents for deposition time. 
    The photodegradation of stearic acid (SA) was tested via Fourier transform infrared (FTIR) 
(Perkin Elmer RX-I) spectroscopy scanning in the range 2700–3000 cm−1. A thin layer of stearic 
acid was dip-coated onto the as-synthesized WO3 films from a 0.05 M stearic acid solution in 
chloroform (Figure 3.10), and then irradiated by UV light in spectra range of 340 to 410 nm 
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(maximum at 365 nm) (4 mW cm
-2
) (Figure 3.11) with area of samples 0.78 cm
2
. Consequently, 
the IR spectra were recorded in absorbance mode and the integrated areas of typical C - H bands 
of the acid at 2958, 2923 and 2853 cm
−1
 for a serial of radiation time. These bands give an 
estimation of the number of molecules of stearic acid degraded using a conversion factor 
reported in the literature (1 cm
−1
 ≡ 9.7 × 1015 mol)134. Finally, the formal quantum efficiency 
(FQE) value can be obtained as 𝐹𝑄𝐸 (𝑆𝐴) =  
𝑟𝑎𝑡𝑒 𝑜𝑓 𝑟𝑒𝑚𝑜𝑣𝑎𝑙 𝑜𝑓 𝑆𝐴 (𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠 𝑠)⁄
𝑟𝑎𝑡𝑒 𝑜𝑓 𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑙𝑖𝑔ℎ𝑡 (𝑝ℎ𝑜𝑡𝑜𝑛𝑠 𝑠⁄ )
 in order to 
compare the photocatalytic efficiency of different samples. 
 
Figure 3.10. Schematic outline of degradation SA test. A thin layer of stearic acid was dip-coated onto the as-
synthesized WO3 films, and then irradiated under UV light with 365 nm.  
 
 
Figure 3.11. Spectra of UVA light (Philips, TL-D 18W BLB) present the range from 340 to 410 nm.190 
 
3.2.3 Results and Discussions 
The colour of as-synthesized thin films changed as the deposition time increased form 30 s to 30 
min as shown in Figure 3.12. WO3 (30 s) was transparent becoming white with lower 
transparency when deposited for 10 min and after deposition for 30 min sample became yellow 
white. 
122 
 
 
Figure 3. 12 The WO3 thin films with NR structure were prepared by AACVD for various deposition time such as 30 
s, 1 min, 3 min, 5 min, 10 min and 30 min. 
 
    As shown in Figure 3.13, the cross-section SEM images of the as-synthesized WO3 thin films 
for 30 seconds to 30 minutes illustrated the thickness (which were measured at a point 45 mm 
from the inlet of reactor) increased from 430 (±70) nm (30s) to 4200 (±100) nm (30 mins), and 
the density of NRs also increased. Therefore, when the deposition time increase, the as-
synthesized WO3 thin films became less transparent. 
 
Figure 3.13. Cross-section SEM images of WO3 thin films deposited in 0.5 (a), 1(b), 3(c), 5(d), 10(e), 20(f) and 30 
minutes (g) via AACVD. 
 
    As shown in Figure 3.14, glancing XRD revealed tungsten oxide with W32O84 (discussed in 
section 3.1). After annealing, substoichiometric tungsten oxide was oxidised and hence 
monoclinic WO3 was presented (a=7.306, b=7.540, c=7.692 Å and β=90.881°, PDF# 01-072-
0677, Figure 2.54) with the intensity of the dominant reflection (002) becoming stronger and 
lower intensity peaks emerging as the length of the NRs became longer. The strong (002) 
reflection of the XRD pattern is in good agreement with the NRs growth along [001] direction 
observed by TEM as shown in Figure 2.38. 
123 
 
 
Figure 3.14. Glancing angle XRD patterns of WO3 thin films deposited after 0.5 (a), 1 (b), 3 (c), 5 (d), 10 (e), 20 (f) 
and 30 (g) minutes (from bottom to top) via AACVD matching  the reference patterns of monoclinic WO3 (PDF# 01-
072-0677) in red (bottom). 
 
    As shown in Figure 3.15a, b and c, the optical properties of the films altered systematically 
with the length and density of the WO3 NRs which was controlled by the deposition time. 
Transmittance generally decreased and reflectance and absorbance in the visible region 
increased with increasing deposition time. Based on the calculated absorbance spectra, the band 
gap of as-synthesized samples was estimated by Tauc plot giving indirect band gaps from 2.56 - 
3.05 eV (Figure 3.15d) and direct band gaps of 2.99 - 3.59 eV (Figure 3.15e) as deposition time 
deceased. Bulk WO3 has an indirect band gap of 2.62 eV and a direct band gap of 3.50 eV with 
∆Eg (difference bandgap between direct and indirect) of ~ 0.9 eV.
191
 The sample deposited for 
30 mins had band gap value comparable to the bulk WO3, however samples deposited at shorter 
times showed widening of the indirect band gap compared to the bulk (Figure 3.15f). The 
sample deposited for 30 s with NR length 350 nm and diameter 75 nm showed an indirect band 
gap of around 3.1 eV, similar to values observed for WO3 quantum dots with size of 1.4 nm.
7
 
Moreover, the ∆Eg narrowed (from 0.6 to 0.4 eV) with increasing deposition time.  
    In section 2.3.3, we observed dislocation loops in the nucleus of the tungsten oxide in the 
[010] and [100] directions, perpendicular to NR growth [001] direction (Figure 2.38). The 
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formation of dislocation loops which provide strain fields have been seen to lead to quantum-
spatial-confinement (QSC) effects,
188
 and this may be the cause of the QCE of widened indirect 
band gap in both our 1D tungsten oxide NR arrays where the diameter is far larger than the 
particle size of semiconductors which display a quantum-size-confinement (Q-size) effect 
(between 1 to 12 nm).
192
 As the NRs grow along [001] direction without defects (preferred 
orientation of (002) shown in XRD patterns in Figure 3.14), the strain fields from dislocation 
loops in [010] and [100] directions would relax in the NR [001] growth direction leading to a 
decaying in QSC effect decay and narrowing of the indirect band gap to bulk WO3.
165
   
    It is notable that samples WO3 (30 min), WO3 (20 min) and WO3 (10 min) gave an optical 
absorption peak at NIR region (~ 1000 nm) which was previously observed in WO3 with VO in 
previous reports and attributed to IVCT or small-polaron hopping.
193
 A VO can donate two 
electrons reducing W
6+
 to W
4+
 and forming small-polaron by short range electron-lattice 
interactions, creating a potential well with a small-polaron ground state.
162
 The energy of 
incident light needed to excite the excess bound electrons released from that potential well is 
2Ep (where Ep is the polaron binding energy, also described as the activation energy of polaron-
hopping) with consideration of a fast change in potential of atom. Simultaneously phonons is 
also able to be excited known as a shake-up-effect, hence the maximum energy of absorbed 
light is ideally at around 4Ep.
171,193
 Based on a small-polaron ground state reported at 0.15 to 0.2 
eV below the CB minimum dependent on varying concentration of VO,
171,194
  the maximum NIR 
absorption peak was calculated approximately between 0.8 to 1.2 eV (1500 to 1000 nm) close to 
the measured value around 1000 nm (Figure 3.15c). 
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Figure 3.15. The transmittance (a), reflectance (b) and absorbance (c) spectrum (aberant data due to grating change 
of the UV-Vis spectrometer has been removed) of WO3 NR arrays deposited on quartz for 0.5 to 30 mins were used 
to calculate their bandgap Eg (d, indirect) and (e, direct) by tauc plots. (f) the change of indirect and direct Eg of as-
synthesized thin films dependent on depositon time (1 to 30 min) compared to indirect (2.62 eV) and direct (3.50 eV) 
Eg of bulk WO3.
191 Only samples 10, 20, 30 mins present NIR absorption at around 1000 nm (c). 
 
    X-ray photoelectron spectroscopy (XPS) was used to identify the composition of the tungsten 
oxide NR arrays prepared with 3 to 30 min deposition time. The W 4f region showed two peaks 
at 35.4 (±0.4) eV and 37.5 (±0.3) eV which were fitted by using software “CasaXPS” showing 
two components at 35.4 and 34.2 eV (binding energy) attributed to W4f7/2 of W
6+
 and W
4+
 
respectively.
160,195
 Deconvolution of the W 4f region showed both W
6+
 and W
4+
 states, with the 
relative concentration of W
4+
 increasing from 0 to 8.56 %  as deposition time increased (Figure 
3.16a). The appearance of W
4+
 was supported by W 5d peaks which were observed in the XPS 
VB region for deposition time from 10 to 30 min (Figure 3.16b and 3.17) owing to electrons 
partially fill the W 5d orbitals which are detectable close to the Fermi level (BE = 0 eV)  for 
reduced WOx. Based on the absence of a detectable W 5d peak in the valence band, the 
symmetrical (yet broad) W 4f core line XPS peaks, and the absence of a NIR absorption in the 
optical spectrum (Figure 3.15c), we conclude that only W
6+
 is present for these short deposition 
time samples, i.e. no W
4+
 or other reduced tungsten states are present within the detection limits 
of the techniques employed. Assuming VO is not balanced by cations vacancies then the 
concentration of VO can be estimated by the concentration of W
4+
 analysed by XPS, and hence 
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the concentration of VO increases as the deposition time increases, corresponding to an increase 
in the length and diameter of the NR (see detail in section 2.3.3) due to NR coalescence. When 
the coalescence occurs as the NR grows, the individual layers are not lattice matched forming 
strained layer. The homogeneous strain energy is proportional to the thickness of the strained 
layer, and when the strained layer is thicker than a critical thickness (e.g. GexSi1-x films growth 
on Si with crystal thickness in order of 10 – 100 Å) relaxation can occur by producing defects 
and dislocations.
196
 Therefore as the NR diameter increase (more layers coalesce) the VO 
concentration increases, in agreement with the XPS results of the VO concentration increasing as 
deposition time increases (Figure 3.16a).    
 
Figure 3. 16. XPS spectra for the W 4f region (a), valance band (b) and schamic band strucutre (c) of WO3 NR arrays 
thin film deposited from 0.5 to 30 mins with reference C1s peak calibrated to 284.8 eV and respecting to fermi level 
(Ef = 0 eV). The expansion of d-band of W
4+ and Eg with red shift of VB is dependent on the increase of VO (from 0 
to 8.6 %). 
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    The gradient and binding energy of the VBM relative to the Fermi level (0 eV), obtained by 
extrapolating the low binding energy edge of the VB to the spectra baseline depending on the 
deposition time. The VBM shifted from 2.8 eV to 2.3 eV (at 30 s to 30 min deposition time) 
(Figure 3.17). As deposition time increased, the VBM shifted up towards the Fermi level. For 
short deposition times, the VB spectrum has a considerable tail into the band gap. This indicates 
the presence of a low concentration of filled states, which may be due to surface states or 
disorder states, as found in black-TiO2.
197,198
 However, in contrast to black-TiO2, these disorder 
states are of much lower XPS spectral intensity and do not cause optical absorption. This may 
be due to the lower density of these disorder states. Therefore, the schematic band structure of 
all the as-synthesized thin films (Figure 3.16c) illustrated that the expansion of the indirect 
bandgap at short deposition times from 2.6 to 3.1 eV can be mainly accounted for by the 
downward shift of the VBM from 2.3 to 2.8 eV below the Fermi level. In this case, assuming 
the indirect optical transition is at the fundamental bandgap, CBM is situated 0.2-0.3 eV above 
the Fermi level for all samples.  
 
Figure 3.17. XPS spectra for the valance band of WO3 thin films with NRs structure deposited on quartz after 30 
mins to 30 seconds (a to g) with reference C1s peak calibrated to 284.8 eV. 
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    In summary, the band structures of WO3 NR array thin films were modified by VO via 
forming small-polarons and dislocation loops controlled by deposition time. Consequently, the 
photocatalytic activities of those thin films were evaluated by photodegradation of stearic acid 
(SA) under UVA irradiation (Philips, TL-D 18W BLB, maximum at 365 nm with spectra from 
340 to 410 nm, Figure 3.11) and are reported in terms of formal quantum efficiency (FQE). This 
is defined as the amount of SA molecules photodegraded per incident photon, estimated by 
linear regression of the initial 30 to 40% steps (Figure 3.18a).
139
 Surprisingly the WO3 film (5 
mins) with the (joint) wider indirect bandgap Eg ≈ 3.0 eV, i.e. the sample absorbing least 
photons, gave the highest activity amongst all samples, with the activity decreasing as the 
bandgap decreases (Figure 3.18b), i.e. activity decreased as the number of photons absorbed 
increased. As the deposition time increased, the density and length of NR increased, and hence 
the sample WO3 (30 min) was expected to give the highest activity of photodegradation of SA. 
Although the indirect bandgap of WO3 (5 min) expanded ~0.4 eV This was due to VB shifting 
downward and not shifting the CB upwards and hence this would be no change in the potential 
relative to O2/H
+
 reduction photo-reaction 1 (Figure 3.9). The lower photocatalytic degradation 
of SA under UVA found in those samples deposited for longer time 5 mins maybe due to the 
increased concentration of VO forming more dislocation loops which are capable of spatially 
localizing carrier diffusion in the undefected point rather than point defects elsewhere outside 
the dislocation loops attributed to enhanced radiative recombination.
188
  
 
Figure 3.18. Integrated areas of stearic acid bands (a) were estimated during UVA light (4.2 mW cm-2) irradiation of 
SA coated as-synthesized WO3 thin. Formal quantum efficiencies(b), given as degraded SA molecules by per incident 
photon in unit (molecule photon-1), were calculated from the initial rates of photodegradation of SA (a). 
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3.3 Conclusion 
In chapter 2, VO defects were found in tungsten NR witnessed by the optical absorption in NIR 
described as intervalence charge transfer or/and small-polaron hopping. Therefore, in section 
3.1, the NIR absorption of WOx NR thin films were studied for use as a solar heat-filter coating. 
Hence, in order to find out the best candidate for a NIR shielding coating simulated NIR 
absorption experiments were conducted, varying the density and length of WOx NR by varying 
the deposition time from 30 s to 30 min. A WOx thin film deposited for 10 min is a potential 
candidate for a NIR shielding coating giving around 70 % visible light transparent and 40 % 
NIR absorption (1500 nm), reducing the internal temperature by 4.5 °C. 
    Subsequently, the change of band structures of as-synthesized WO3 nanorod (NR) array thin 
films by AACVD dependent on deposition time were studied. As the deposition time increased, 
the length and diameter of NR increased leading to VO increasing due to NR coalescence during 
growth inducing strained layer relaxation, producing more defects and dislocations. The 
appearance of oxygen vacancy (VO) was able to modify their band structure via forming small-
polarons and creating dislocation-loops. The small-polaron hopping gave rise to an optical 
absorption peak in the NIR and appearance of a partially occupied d-band extending to fermi 
level (binding energy = 0 eV). The dislocation-loops (diameter 0.4 to 1.5 nm) created in [010] 
and [100] directions perpendicular to NR growth direction [001] provided spatial strain 
inducing quantum-spatial-confinement leading to bandgap expansion (3.1 eV in 0.5 and 1 min 
sample compared to 2.6 eV in bulk WO3) giving the suggestion for quantum confinement effect 
of WO3 NR with large size (length > 350 and diameter > 73 nm), and can also increase radiation 
recombination by spatially localizing carrier diffusion in the undetected point rather than point 
defects elsewhere outside the dislocation-loops resulting the direct bandgap narrowing (3.0 eV 
in 30 min sample compared to 3.5 in bulk WO3) implying an indirect-direct semiconductor 
transition which provide an explanation for the previous observation of WO3 NR with strong 
photoluminescence at room-temperature.
199,200
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CHAPTER 4: TUNGSTEN OXIDE-
BASED HYBRID 
NANOSTRUCTURED THIN FILM 
MATERIALS: DESIGN, SYNTHESIS, 
CHARATERISATION AND 
APPLICATION 
 
In this chapter, AACVD is used to fabricate noble metal nanoparticle (NP) (Au, Pt, Pd or Ru) 
decorated WO3 nanorod (NR) hybrid nanostructured thin films. After subsequent oxidative 
treatment noble metal oxide NPs/WO3 NR hybrid nanostructured heterojunction thin films are 
obtained for PdO/WO3 or RuO2/WO3.  Their photocatalytic activity is evaluated by 
photodegradation of stearic acid. 
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4.1 Noble Metal (Au, Pt, Pd or Ru) or Noble Metal Oxide (PdO or 
RuO2) Nanoparticle decorated Tungsten Oxide Nanorod Films 
4.1.1 Introduction 
Noble metal nanoparticles (NPs) e.g. Au, Pt, Pd and Ru with diameter smaller than 2-3 nm have 
been found to be catalytically active (e.g. CO oxidation, hydrogenation of allyl alcohol),
109,201,202
 
have applications in photocatalysis (e.g. organic pollutant degradation, CO2 reduction, hydrogen 
production),
203
 and NPs of their oxide such as PdO and RuO2 are utilized as catalysts for oxygen 
reduction reaction and oxygen evolution reactions respectively.
122,204
 If metal NPs are decorated 
on a metal oxide support then metal/metal oxide semiconductor hybrid nanostructured materials 
are formed which have potential applications in catalysis, electrocatalysis, photocatalysis, solar 
cell, plasmon-enhanced spectroscopy and biotechnology, with the metal-oxide interaction 
radically enhancing the performance of supported catalysts due to the so-called ‘strong metal-
support interaction’.203,205,206 For example, supported Au NPs on active (e.g. TiO2) or inert (e.g. 
BN, SiO2) substrates demonstrate enhanced catalytic properties if their diameters fall below 4 
nm, dependent on the substrate.
105,207
  
    Generally, synthesis of metal NPs in solution requires organic agents such as stabilisers, 
dendrimer templates and reducing agents which typically lead to a layer of organic compound 
encapsulating the nanoparticles or to contamination with foreign anions.
105,109,203,208
 Despite 
progress, e.g. recently a hydrothermal method for fabricating metal/WO2.72 hybrids without 
organic agents was reported,
91
 the restriction of this method is the reducing support which must 
be strong enough to reduce the metal salt to be metallic NPs.
 
 
    Our aim was to directly deposit metal NPs on thin film supports without the introduction of 
foreign organic agents or requirement for a reducing support, whilst also being able to tune the 
NP size. Here we describe a method for growth of noble metal (Au, Pt, Pd or Ru) or their oxide 
(PdO or RuO2) NPs supported on tungsten oxide nanorod (NR) array thin films, with NP size 
simply controlled by the deposition time during aerosol-assisted chemical vapour deposition 
(AACVD). The use of AACVD as a variant of the conventional chemical vapour deposition 
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(CVD) process is crucial because it utilises solvent aerosols to transport precursors and hence 
can be used with many relatively cheap commercially available metal precursors not suitable for 
traditional CVD.
209
  
 
4.1.2 Experimental 
The synthesis of WO3 NR array thin film (AM375q) is described in the experimental of section 
2.2.2, with a deposition time of 5 minutes showing the best photocatalytic activity for 
degradation of stearic acid under UV light irradiation (see detail in section 3.2). The precursor 
W(CO)6 (Aldrich with 99% purity) was dissolved in a mixture of acetone and methanol in a  2 : 
1 ratio, and an aerosol created by an ultrasonic humidifier operated at 2 MHz. The aerosols were 
transported to the reactor by N2 carrier gas (99.99%, BOC, flow rate 300 cm
3
/min) controlled by 
a mass flow controller (MFC, Brooks), decomposed and reacted over a quartz substrate (1 mm 
thickness) at 375 °C and then samples were annealed in air at 500°C for 2 hours. 
    The metal NPs were decorated on the as-synthesized WO3 NR thin films with the parameters 
shown in Table 4.1 via the AACVD process described above, with different deposition times in 
order to alter the noble metal NP size on the WO3 NR. The obtained metal NPs/WO3 NRs 
hybrid nanostructure thin films are denoted as M/WO3 (t minute), where ‘t’ is the deposition 
time for the metal precursor during AACVD, for example Au/WO3 (1 min) implying that the 
deposition time of Au precursor on WO3 NR array is 1 min. 
    The obtained noble metal NPs/WO3 NR hybrid nanostructure thin films were oxidised by 
annealing at 500 °C in air for 2 hours in order to obtain metal oxide NPs/WO3 NR hybrid 
nanostructured thin films (e.g. PdO/WO3 and RuO2/WO3). 
    The noble metal and noble metal thin films were deposited on plain quartz substrate for 45 
mins using the same amount of the metal precursors in order to obtain the valence band energy 
for estimating the band structure of the hybrid nanostructure samples. 
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Table 4.1. The deposition parameters of metal nanoparticles/WO3 nanorods hybrid nanostructured thin films. 
Sample Precursor /g  Solvent /mL 
Temperature 
/˚C 
N2 Flow Rate 
/SCCM 
Au/WO3  HAuCl4 /0.001  Methanol /15 mL 350 300 
Pd/WO3 (NH4)2PdCl4/0.001 Methanol /15 mL 350 300 
Ru/WO3 Ru3(CO)12 /0.001 Methanol /15 mL 350 400 
Pt/WO3 H2PtCl6 /0.001 Methanol /15 mL 350 300 
 
    As shown in Figure 4.1, The general pathway includes three processes as follows: (I) the 
support material is deposited first, e.g. a nanorod (NR) structured sub-stoichiometric tungsten 
oxide, WOx (3 > 𝑥 > 2), thin film was fabricated on quartz by AACVD;
91,153
 (II) the support 
materials can be further treated, e.g. the as-synthesised WOx NR thin film was annealed at 
500 °C in air for 2 hour in order to obtain fully oxidised tungsten trioxide WO3; (III) the metal 
NPs were grown on the synthesized WO3 NR thin film support via  thermally activated 
AACVD;
209
 (IV) metal NPs grown on the support can be further treated, e.g. the oxidation of 
metal, via annealing at 500 °C in air for 2 hours.
210
 The mean particle size of noble metals is 
obtained by counting NPs (>200 particles) from many different WO3 NRs in TEM images. The 
number concentration of NPs is estimated by counting the number of NPs on a WO3 NR and 
then dividing by the surface area of that NR. The coverage of NPs on a WO3 NR surface was 
estimated by the equation [nπ(0.5d)2]/(0.5S) where n is the number concentration, d is the mean 
size of NPs and S is the surface area of that NR. 
 
Figure 4.1. Schematic processes for fabrication of metal or metal oxide nanoparticles supported on a tungsten oxide 
nanorod array on quartz substrate via AACVD. 
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    The photodegradation of stearic acid (SA) was detected by Fourier transform infrared (FTIR) 
(Perkin Elmer RX-I) spectroscopy scanning in the range 2700–3000 cm−1. A thin layer of stearic 
acid was dip-coated onto the as-synthesized WO3 films from a 0.05 M stearic acid solution in 
chloroform (Figure 3.10), and then irradiated by UV light in spectra range of 340 to 410 nm 
(maximum at 365 nm) (4 mW cm
-2
) (Figure 3.11) with area of the samples being 0.78 cm
2
. 
Consequently, the IR spectra were recorded in absorbance mode and the integrated areas of 
typical C - H bands of the acid at 2958, 2923 and 2853 cm
−1
 recorded for a series of radiation 
times. These bands give an estimation of the number of molecules of stearic acid degraded 
using a conversion factor reported in the literature (1 cm
−1
 ≡ 9.7 × 1015 mol)134. Finally, the 
formal quantum efficiency (FQE) value can be obtained as 
𝐹𝑄𝐸 (𝑆𝐴) =  
𝑟𝑎𝑡𝑒 𝑜𝑓 𝑟𝑒𝑚𝑜𝑣𝑎𝑙 𝑜𝑓 𝑆𝐴 (𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠 𝑠)⁄
𝑟𝑎𝑡𝑒 𝑜𝑓 𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑙𝑖𝑔ℎ𝑡 (𝑝ℎ𝑜𝑡𝑜𝑛𝑠 𝑠⁄ )
 in order to compare the photocatalytic efficiency 
of different samples. 
 
4.1.3 Results and Discussion 
The as-synthesized thin film WO3 (5 min) (AM375q ann) is white and transparent as shown in 
Figure 3.2.2. After noble metals were deposited on undecorated thin film WO3 (5 min), the 
colour of noble metal NPs/WO3 NR hybrid nanostructure thin films were changed. As shown in 
Figure 4.2, (a) the colour of Au/WO3 thin films became pink as the deposition time of Au 
precursor increase from 30 s to 20 mins, (b) the colour of Pd/WO3 thin films became yellow as 
the deposition time of Pd precursor increase from 5 to 35 mins, (c) the colour of Pt/WO3 thin 
films became yellow as the deposition time of Pt precursor increase from 1 to 20 mins, (d) the 
colour of Ru/WO3 thin films became brown as the deposition time of Ru precursor increase 
from 1 to 36 mins from white (undecorated WO3 thin film). The colour of noble metal/WO3 thin 
films became darker as the deposition time of noble metal precursors increases. After annealing 
at 500 °C in air for 2 hours, Pd or Ru NPs on WO3 NRs were oxidised to PdO or RuO2 
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respectively, forming PdO/ WO3 or RuO2/ WO3 hybrid nanostructure thin films of which 
became yellow or brown in colour (Figure 4.2e and 4.2f).  
 
Figure 4.2. The photographs of thin films:  (a) Au/WO3, (b) Pd/WO3, (c) Pt/WO3, (d) Ru/WO3, (e) PdO/WO3, (f) 
RuO2/WO3. 
 
    The WO3 NR array thin films (AM375q) deposited for 5 mins were characterised by glancing 
angle XRD as monoclinic WO3 (m-WO3) (PDF 072-0677, a=7.306, b=7.540, c=7.692 Å and 
α=90 °, β=90.881°, γ=90 °) with a dominant (002) reflection (Figure 4.3a). Thin films decorated 
by noble metals or noble metal oxides NPs, even for relatively long deposition times showed a 
similar pattern to that of the undecorated WO3 NR array support, e.g. Au//WO3 (20 min), 
Pt//WO3 (20 min),  Pd/WO3 (35 min), Ru/WO3 (36 min), PdO/WO3 (35 min) and RuO2/WO3 
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(36 min) (Figure 4.3b to 4.3g). This is likely due to the loading and long range order of NPs 
being too low to be observed by XRD, in agreement  with previous study,
211
 thus XRD was 
unable to detect the noble metal or their oxide on those films. 
 
Figure 4.3. XRD patterns of (a) WO3, (b) Au/WO3 (20 min), (c) Pt//WO3 (20 min), (d) Pd/WO3 (35 min), (e) 
Ru/WO3 (36 min), (f) PdO/WO3 (35 min) and (g) RuO2/WO3 (36 min) which matches the monoclinic WO3 reference 
pattern (red colour) (PDF 072-0677, a=7.306, b=7.540, c=7.692 Å and α=90 °, β=90.881°, γ=90 °). 
   
    X-ray photoelectron spectroscopy (XPS) confirmed the sample Au/WO3 (20 min) contained 
Au (0) with the Au 4f7/2 peak at 84.0 eV (Figure 4.4a).
212
 The sample of Pd/WO3 (35 min) 
possessed Pd (0) and Pd (II) ionisations (Figure 4.4c) with Pd 3d5/2 peaks corresponding to Pd 
metal (335.8 eV) and PdCl2 (338.4 eV) respectively.
213,214
 The presence of PdCl2 is surprising, 
but may indicate incomplete decomposition of the precursor (NH4)2PdCl4. The NPs of Ru/WO3 
(36 min) are comprised of both states Ru (0) and Ru (IV), with Ru 3d5/2 peaks apparent for Ru 
metal (280.1 eV) and RuO2 (280.8 eV) respectively (Figure 4.4d).
215,216
 The sample of Pt/WO3 
(20 min), showed only Pt (0) in the XPS spectra (Figure 4.4b) with the Pt 4f7/2 peak 
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corresponding to Pt metal (71.2 eV).
217
 After annealing Pd/WO3 (35 min) the sample PdO/WO3 
(35 min) contains PdO with the Pd 3d5/2 peak shifting to higher binding energy, matching the 
reference of PdO (337.2 eV) (Figure 4.4e),
218
 and the sample RuO2/WO3 (36 min) contained not 
just Ru (IV) but also Ru (VI),  with the Ru 3d5/2 peaks shifting to higher binding energy, 
matching the reference value for RuO2 (280.6 eV) and RuOx (281.9 eV) respectively (Figure 
3f).
219,220
 
 
Figure 4.4. XPS spectra of the as-synthesized hybrid nanostructure thin films: (a) Au/WO3 (20 min), (b) Pt/WO3 (20 
min), (c) Pd/WO3 (35 min), (d) Ru/WO3 (36 min), (e) PdO/WO3 (35 min), (f) RuO2/WO3 (36 min). The peaks of 
metal, metal  oxide or carbon are in pink, blue or carbon. 
 
    The NPs are able to be observed by the HR-TEM decorating the tungsten oxide NRs (Figure 
4.5). As shown in Figure 4.5b (inset) for Au/WO3, a NP possesses an interplanar spacing of 0.23 
(± 0.01) nm corresponding to the (111) plane of Au metal, in agreement with the XPS result that 
Au (0) was found (Figure 4.4a). The mean size in diameter of Au NPs on the NRs increases 
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from 2.4 to 6.8 nm as the deposition time increases from 0.5 to 20 min (Figure 4.5a to 4.5e). 
The amount of those NPs also rises resulting in more surface area of the NRs being occupied by 
Au NPs.  
 
Figure 4.5. TEM images of the Au/WO3 hybrid nanostructure thin films: (a) Au/WO3 (0.5 min), (b) Au/WO3 (1 min), 
(c) Au/WO3 (5 min), (d) Au/WO3 (10 min), (e) Au/WO3 (20 min) with NP size distributions on WO3 NR. The Au 
NPs with interplanar spacing of 0.23 nm corresponding to (111) plane (b inset).   
 
    For Pd/WO3, HRTEM shows the NPs decorating the WO3 NRs have an interplanar spacing of 
0.22 (± 0.01) nm (Figure 4.6a, inset) corresponding to the (111) plane of Pd metal, in agreement 
with the XPS result that Pd (0) was found (Figure 4.4d). As the deposition time increases from 1 
to 36 min (Figure 4.6a to 4.6d), the mean size in diameter of Pd NPs on the NRs increases from 
1.9 to 4.1 nm. The amount of those NPs also rises resulting in more surface area of NRs 
occupied by Pd NPs. 
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Figure 4.6. TEM images of Pd/WO3 hybrid nanostructure thin film: (a) Pd/WO3 (5 min), (b) Pd/WO3 (10 min), (c) 
Pd/WO3 (20 min), (d) Pd/WO3 (35 min) with NP size distributions on WO3 NR and insect zoom-in images of Pd NP. 
NPs with interplanar spacing of 0.22 nm correspond to (111) plane of Pd (a, inset). 
 
    For Ru/WO3 the NPs were found on the WO3 NRs (Figure 4.7) possessed an interplanar 
spacing of 0.21 (± 0.01) nm (Figure 4.7d, inset) corresponding to the (002) plane of Ru metal, in 
agreement with the XPS showings that Ru (0) (Figure 4.4c). As the deposition time increases 
from 1 to 36 min the mean diameter of Ru NPs on the NRs increases from 1.6 to 2.9 nm, and 
also the mount of Ru NPs increases (Figure 4.7a to 4.7d). 
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Figure 4.7. TEM images of Ru/WO3 hybrid nanostructure thin film: (a) Ru/WO3 (1 min), (b) Ru/WO3 (10 min), (c) 
Ru/WO3 (20 min), (d) Ru/WO3 (36 min) with NP size distributions on WO3 NR and insect zoom-in images of Ru NP. 
NPs with interplanar spacing of 0.21 nm correspond to (002) plane of Ru (d, inset). 
 
    In Pt/WO3 the NPs on WO3 NRs (Figure 4.8) showed an interplanar spacing of 0.22 (± 0.01) 
nm (Figure 4.8c, inset) corresponding to the (111) plane of Pt metal, in agreement with the XPS 
results that Pt metal can be found (Figure 4.4b). As the deposition time increases from 1 to 20 
min the mean diameter of Pt NPs on the NRs increases from 3.0 to 7.1 nm, and also the mount 
of Pt NPs increases (Figure 4.8a to 4.8d). 
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Figure 4.8. TEM images of Pt/WO3 hybrid nanostructure thin film: (a) Pt/WO3 (1 min), (b) Pt/WO3 (5 min), (c) 
Pt/WO3 (10 min), (d) Pt/WO3 (20 min) with NP size distributions on WO3 NR and insect zoom-in images of Ru NP. 
NPs with interplanar spacing of 0.22 nm correspond to (111) plane of Pt (c, inset). 
 
    After annealing Pd/WO3, the NPs found on the WO3 NRs by HR-TEM (Figure 4.9) show an 
interplanar spacing of 0.27 (± 0.01) nm (Figure 4.9b, inset) corresponding to the (002) plane of 
PdO metal in agreement with the XPS result that Pd (II) was found (Figure 4.4c). The mean 
diameter of the PdO NPs was larger than the Pd metal NPs (5.6 to 6.5 nm) with no significant 
change as the deposition time increased, but the number concentration of NP on the NR (Table 
4.2) decrease compared to the counterpart before annealing. Therefore, the NP enlargement is 
attributed to particle oxidation and/or coalescence during the annealing process.  
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Figure 4.9. TEM images of PdO/WO3 hybrid nanostructure thin film: (a) PdO/WO3 (1 min), (b) PdO/WO3 (5 min), 
(c) PdO/WO3 (10 min), (d) PdO/WO3 (20 min), (e) PdO/WO3 (35 min) with NP size distributions on WO3 NR and 
insect zoom-in images of PdO NP. NPs with interplanar spacing of 0.27 nm correspond to (002) plane of PdO (b, 
inset). 
 
    After annealing Ru/WO3, the NPs found on the WO3 NRs by HR-TEM (Figure 4.10) show an 
interplanar spacing of 0.22 (± 0.01) nm (Figure 4.10e, inset) corresponding to the (002) plane of 
RuO2 metal, in agreement with the XPS result that Ru (IV) was found (Figure 4.4d). The mean 
diameter of the RuO2 NPs was larger than that for Ru NPs (3.7 to 5.1 nm) with litter change as 
the deposition time increased, ascribed to particle oxidation and/or coalescence during the 
annealing process showing lower number concentration of NP on the NR than the counterpart 
before annealing (Table 4.2).  
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Figure 4.10. TEM images of RuO2/WO3 hybrid nanostructure thin film: (a) RuO2/WO3 (1 min), (b) RuO2/WO3 (10 
min), (c) RuO2/WO3 (20 min), (d) RuO2/WO3 (36 min) with NP size distributions on WO3 NR and insect zoom-in 
images of RuO2 NP. NPs with interplanar spacing of 0.22 nm correspond to (200) plane of RuO2 (e, inset). 
 
    In summary, the size and concentration of noble metal NPs decorated on WO3 NRs are able 
to be altered by deposition time, leading to larger particle size and higher particle amount on 
NRs during AACVD process (Table 4.2). After annealing, the noble metal NPs (Pd or Ru) can 
be oxidised to noble metal oxide NPs (PdO or RuO2) with larger particle mean size due to 
particle oxidation and/or coalescence during annealing without significant change as deposition 
time increase. 
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Table 4.1. The NPs size and number concentration and coverage % of metal and metal oxide loaded on surface of 
WO3 NRs dependent on the deposition time during AACVD. 
Sample 
Depos. Time Mean Mini. Max. Concentration 
Coverage
c)
 
[Minute] [nm]
a) 
[nm] [nm] [NPs·nm
-2
]
b)
 ˣ10
-3 
Au/WO3 
0.5 2.4 1.5 5.2 1.29 0.6% 
1 3.0 1.7 5.0 5.23 3.7% 
5 5.5 2.8 9.9 1.62 3.9% 
10 6.1 3.6 10.2 1.74 5.1% 
20 6.8 4.3 11.1 2.46 8.8% 
35 7.3 5.0 14.7 3.61 15.1% 
Pd/WO3 
5 1.9 0.8 3.0 3.54 1.0% 
10 1.9 0.9 3.4 4.32 1.2% 
20 3.4 1.7 5.9 7.14 6.6 % 
35 4.1 2.1 5.7 11.12 14.3% 
Pt/WO3 
1 -- -- -- trace -- 
5 3.0 1.2 6.1 0.85 0.6% 
10 3.0 1.4 6.5 3.69 2.6% 
20 7.1 2.8 12.9 1.85 7.3% 
Ru/WO3 
1 1.6 0.7 3.6 3.54 0.7% 
10 2.2 0.5 4.9 11.91 4.6% 
20 2.3 1.1 3.9 11.96 5.1% 
36 2.9 0.9 5.7 10.83 6.5% 
PdO/WO3 
1 -- -- -- trace -- 
5 5.6 3.2 10.0 0.56 1.4% 
10 5.3 2.9 7.4 2.92 6.5% 
20 5.5 3.7 9.8 3.76 9.0% 
35 6.5 3.3 13.7 3.85 12.8% 
RuO/WO3 
1 3.7 2.2 7.1 2.36 2.5% 
5 4.8 2.7 7.9 6.11 11.2% 
10 5.1 2.5 8.9 6.28 12.8% 
20 4.8 1.7 8.4 6.97 12.7% 
36 5.1 2.4 9.4 6.44 13.2% 
a)The mean particle size is obtained by counting NPs (>200 particles) from many different WO3 NRs in TEM 
images; b)The number concentration of NPs is estimated by counting the number of NPs on a WO3 NR and then 
divided by the surface area of that NR; c)The coverage of NPs on a WO3 NR surface estimated by the equation 
[nπ(0.5d)2]/(0.5S) where n is the number concentration, d is the mean size of NPs and S is the surface area of that NR. 
 
    The optical properties of all the noble metal or noble metal NPs/WO3 NR hybrid 
nanostructure thin films were characterised by UV-Vis in transmittance, reflectance and 
calculated absorbance as shown in Figure 4.11. All the films showed a similar change in 
transmittance, reflectance and absorbance with increasing deposition time. While the size and 
concentration of NPs on the NRs increased as the deposition time increased (Table 4.2), the 
transmission of those thin films firstly decreased and then increased, though is always lower 
than for undecorated WO3 NR thin films. The reflectance for NP modified samples is higher 
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than for undecorated WO3 NR thin films when concentration of NPs on the NR is low, but with 
increasing concentration the reflectance decreases below that of an undecorated WO3 thin film, 
leading to an increase in the calculated absorption compared to undecorated WO3 thin film. The 
interpretation of optical properties of the hybrid nanostructure thin films relates to the shape, 
size, dielectric environment, and aggregation or isolation of NPs and their interactions with 
WO3 NRs.
221
  When the NPs had very small size and low concentration and appeared isolated 
on the NRs (observed by TEM shown in Figure 4.5 to 4.10) the films showed enhanced 
reflection compared to undecorated WO3 thin films. The mechanism of how the isolated tiny 
metal NPs increasing the reflection of WO3 NRs is still unclear. When the NPs grew larger with 
higher concentration achieved by increasing deposition time (above 20 mins in our experiments), 
the coalescence of NPs on NRs occurred forming a rough optical slab on the surface of the WO3 
NRs. When light strikes the rough and granular slab, this incident light will be bounce off and 
reflect in all directions (known as diffuse reflection) which reduce the measured reflection 
compared to undecorated WO3 thin films. The calculated absorbance of all hybrid nanostructure 
thin films increased as the deposition time increased owing to the reflectance decreased but 
diffuse reflection effect increased. It is notable that the samples Au/WO3, Ru/WO3, Pt/WO3 and 
PdO/WO3 deposited for less than 20 min showed NIR absorption. This phenomenon is still 
unclear, although some previous literatures suggested this is attributed to localized surface 
plasmon resonance (LSPR) of isolated NPs.
222
 However, only Au, Ag and Cu have been 
reported LSPR.
223
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Figure 4.11. The transmittance (left row), reflectance (middle row) and absorbance (right row) spectrum (the noise 
peak at 865 nm due to grating change of the UV-Vis spectrometer) of (a) Au/WO3, (b) Pd/WO3, (c) Pt/WO3, (d) 
Ru/WO3, (e) PdO/WO3, (f) RuO2/WO3 thin films deposited for various time. 
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    In chapter 3, the photocatalytic activity of WO3 NR array thin films deposited for 0.5 to 30 
min was discussed. The thin film deposited for 5 min (WO3 (5 min)) showed the best activity 
for photodegradation of SA under UVA light, with an FQE of 8.67 ˣ 10-5. After the WO3 NRs 
were functionalized by Au NPs, not all the Au/WO3 hybrid nanostructure thin films showed 
enhanced photocatalytic degradation of SA, with only the sample Au/WO3 (1 min) with particle 
mean size 3.0 nm and relative high concentration of NPs decorating on the surface of NRs 
giving higher photocatalytic activity (a FQE of 11.00 ˣ 10-5) compared to undecorated WO3 (5 
min) (8.67 ˣ 10-5) (Figure 4.12a). Previously Au NPs below 3 nm have been reported as 
catalytically active for the partial oxidation of styrene by dissociation of chemisorbed O2 to 
produce O adatoms,
105
 which would help produce superoxide radicals and then activate 
photoreaction II (Figure 3.9) enhancing the photodegradation of SA. Although the sample 
Au/WO3 (0.5 min) possessed NP of 2.4 nm diameters, small than Au/WO3 (1 min), the very low 
coverage of Au NPs on NRs (0.6 %) may be too low to improve the photocatalytic activity. 
When the mean particle size of Au NP was larger than 3.0 nm, the photocatalytic degradation of 
SA became lower (Figure 3.9). 
    When WO3 (5 min) was functionalised by Pd NPs, the Pd/ WO3 samples showed lower 
photocatalytic degradation of SA than undecorated WO3 (5 min) (Figure 4.12b). As the particle 
size and concentration of Pd NPs on NRs increased, the activity reduced. This contradicts 
previous literature that TiO2 supported Pd NPs showed enhanced photocatalysis,
224
 possibly 
owing to PdCl2 found in the Pd metal by XPS (Figure 4.4c) in the samples of Pd/ WO3. 
    Ru/WO3 showed similar photocatalytic activity to Pd/WO3, i.e. lower than undecorated WO3 
(5 min) which decreased as deposition time increased. There is very little literature concerning 
use of a Ru NP functionalized semiconductor to improve H2 evolution or O2 reduction, but Ru 
NPs have been used as catalyst for enhanced H2 in a Ru/SrTiO3:Rh system, where only loading 
of Ru upto a 1.5 wt% presented enhanced photocatalytic activity, with higher amount may 
leading to increased recombination.
225
 Also, TiO2 functionalised with Ru NPs have 
demonstrated enhanced O2 oxidation.
226
 Therefore, the mechanism of Ru NPs on WO3 NRs 
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hindering photocatalytic degradation of SA is not clear, but increasing amount of Ru NPs on 
WO3 NR deceased photocatalytic degradation of SA is possibly owing to increasing 
recombination by Ru NPs.  
    After Pt NPs were deposited on the WO3 NRs only the sample Pt/WO3 (10 min) with particle 
mean size 3.0 nm and 2.6 % coverage, showed enhanced photocatalytic degradation of SA 
(FQE = 11.28 ˣ 10-5) compared to undecorated WO3 (5 min) (Figure 4.12d. Samples deposited 
for 1, 5 or 20 min with very low coverage (< 0.6 %) or larger particle size (> 7 nm) showed 
reduced activity. Pt NPs can act as a catalyst for promoting O2 reduction into H2O2 and 
superoxide radicals and enhance charge separation, e.g. Pt NPs with particle size < 5 nm loaded 
on tungsten oxide have shown high efficient photocatalytic activity for decomposition of 
organic compounds.
227
 
    None of  the Pd/WO3 samples showed improved photocatalytic properties, though after 
annealing the sample PdO/WO3 (5 min) with particle mean size 5.6 nm and 1.4 % coverage 
gave enhanced photocatalytic degradation of SA (FQE=13.21 ˣ 10-5) (Figure 4.12e). Previous 
literature indicated a PdO/TiO2:F,N hybrid nanostructure material gave enhanced photocatalytic 
degradation of organic pollutants due to PdO NPs trapping electrons and hence decreasing the 
electron-hole recombination.
228
     
    When WO3 (5 min) was functionalised with RuO2 NPs, the photocatlytic degradation of SA 
was reduced, decreasing as the deposition time increased, corresponding to the particle size and 
coverage of RuO2 NPs increasing (Figure 4.12f). RuO2 has been reported as a good oxidation 
catalyst for O2 evolution,
229
 However, whereas Au, Pt and PdO NPs can act as a catalyst for O2 
reduction showing enhancement of photocatalytic degradation of SA, therefore, this may relate 
to why the all RuO2/WO3 samples showed no improvement of photocatalytic degradation of SA. 
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Figure 4.12. The photocatalytic activity of (a) Au/WO3, (b) Pd/WO3, (c) Pt/WO3, (d) Ru/WO3, (e) PdO/WO3, (f) 
RuO2/WO3 thin films deposited for various time evaluated by formal quantum efficiencies (right row), given as 
degraded SA molecules by per incident photon in unit (molecule photon-1), were calculated from the initial rates of 
photodegradation of SA (left row), compared to undecorated WO3 NR thin films (FQE = 8.67 ˣ 10
-5). 
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    The XPS valence band regions of noble metal NPs thin film (Au, Pd, Ru and Pt) on plain 
quartz substrates showed the VBM of the NPs located around the fermi level (BE = 0 eV) 
(Figure 4.13a to d), attributed to their metallic property. After annealing, PdO NPs had a more 
positive VBM (-0.25 eV) than Pd NPs (- 1.4 eV), but RuO2 NPs possessed a similar VBM to Ru 
NPs (-0.5 to -0.6 eV) (Figure 4.13e and f). Previous literatures reported PdO can act as a p-type 
semiconductor with bandgap down to 0.5 eV,
119
 and RuO2 showing high electronic 
conductivity.
123
 
 
Figure 4.13. The XPS valence band region of (a) Au, (b) Pd, (c) Ru, (d) Pt, (e) PdO and (f) RuO2 thin films were 
deposited on quartz substrate for 45 min via AACVD, respecting to fermi level (BE=0 eV) and referencing to C 1s 
(284.8 eV). 
 
    Based on the band structure of sample WO3 (5 min) discussed in Chapter 3 with indirect 
bandgap 3.0 eV and VBM at 2.65 eV and the VBM of noble metal/noble metal oxide thin film 
(Figure 4.13) and previous reports,
230,231
 the band alignment is generally illustrated in Figure 
4.14. The band structure of WO3 with bandgap of 2.6 to 2.8 eV indicates a good photocatalyst 
for OER due to its VBM around 1.6 eV more positive than E(O2/H2O), but is not active for HER 
because of  a more positive CB level (~0.2 eV) than E(H
+
/H2).
141
 Although the bandgap of WO3 
NRs was expanded to 3.0 eV via controlled the deposition time of 5 min, the CBM did not 
move upward more negative than  E(H
+
/H2) and/or E(O2·, HO2·/O2). Therefore, the sample WO3 
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(5 min) only can generate intermediate hydroxyl (·OH) by oxidising H3O due to VBM more 
positive than E(OH·/H2O) at ~2.8 eV vs. NHE. However, photocatalytic degradation of organic 
pollutants can only proceed indefinitely when the same number of photogenerated electrons and 
holes are consumed in reducing O2 and oxidising H2O leading to intermediate hydroxyl (·OH), 
superoxide (O2·) and hydroperoxy (HO2·) radicals with E(O2·, HO2·/O2) at ~0.1 eV vs. NHE and 
E(OH·/H2O) at ~2.8 eV vs. NHE corresponding to photocatalytic reactions I and II as shown in 
Figure 4.14.
32,133
 This results in much lower photocatalytic activity for WO3 compared to 
anatase (TiO2),
139
 which has one of the highest activities among semiconductor metal oxides due 
to the potentials of the CB and the VB being sufficiently negative and positive to drive 
photocatalytic reactions I and II simultaneously.
140
 Therefore, if the decorated NPs on WO3 NRs 
can act as a catalyst for reducing O2 generating intermediate O2· and HO2· radicals driving 
photocatalytic reaction II, the enhancement of photocatalytic activity is able to be achieved. As 
shown in Figure 4.14a, Au and Pt NPs can accept the electrons photogenerated from WO3 NR 
for reducing O2 to initiate photocatalytic reaction II. The PdO also can act as acceptor, reducing 
O2 and producing HO2· radicals, 
230
 and because PdO is found to be a p-type semiconductor the 
formation of a p-n junction can promote electron-hole separation and production of 
HO2· radicals. 
119
  However, the reasons why the Pd, Ru or RuO2 decorated on WO3 NRs show 
a decrease in photocatalytic degradation of SA are unclear, but possibly due to contamination 
from carbon layers, presence of foreigner ions (e.g. Cl
-
) or/and acting as ORR catalyst.      
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Figure 4.14. Illustration of the possible band alignment of (a) noble metal (Au/Pt) NPs/WO3 NRs and (b) PdO 
NPs/WO3 NRs hybrid nanostructure, and the mechanism of electron-hole separation of those samples activating 
general reactions for the photocatalytic degradation of organic pollutant: (I) the reduction reaction of O2 producing 
superoxide radicals (O2·) and/or hydroperoxy radical (HO2·), (II) the oxidation reaction of H2O creating hydroxyl 
radical (OH·) based on the previous literatures. 133,141,189,230,231   
 
4.2 Metal Oxide (TiO2, Co2O3 or CuOx) and Tungsten Oxide 
Nanorod Array Hybrid Structured Thin Films 
4.2.1 Introduction 
Recently heterojunctions constructed from the interface of two solid materials including 
between semiconductor–semiconductor, semiconductor–metal, and semiconductor–carbon have 
attracted much attentions.
232,233
 By far the most commonly reported heterojunction is that 
between two semiconductors. In particular combining a p-type and an n-type semiconductor to 
form a p-n junction leads to a space-charge region and an electric field at the interface. This 
promotes the flow of electron carriers to the CB of the n-type semiconductor and the flow of 
hole carriers to the VB of the p-type semiconductor, leading to more efficient separation, and 
hence longer lifetimes of charge carrier.
233
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    Nanostrucutred semiconductors have been the focus of research in this field due to their high 
surface area. Previous studies have shown that semiconductor-semiconductor heterojunction 
based on 1D structures have enhanced gas sensor, photocatalytic and photoelctrochemical water 
splitting.
234,235
 
    In the above section, the synthesis of noble metal NP/WO3 NR hybrid nanostructure thin 
films by AACVD was discussed. After annealing, the samples Pd/WO3 and Ru/WO3 can be 
oxidised to PdO/WO3 and RuO3/WO3 respectively. PdO/WO3 contains a p-n heterojunction, and 
showed enhanced photocatalytic degradation of stearic acid (by more than 50 %) compared to 
an optimised undecorated WO3 NR array thin film deposited for 5 min. An attractive strategy is 
to use the AACVD to deposit transition metal oxides directly on the WO3 NR to form transition 
metal oxide/WO3 NR hybrid structured thin films. Herein, we introduce using AACVD to 
fabricate other metal oxide (TiO2, Co2O3 or CuOx)/WO3 NR hybrid nanostructure thin film 
constructing heterojunctions. 
  
4.2.2 Experimental 
    The TiO2, Co2O3 and CuOx were deposited on the WO3 NR array films (AM375q-ann for 5 
min) with parameters as shown in Table 4.3 via AACVD, following the procedure as shown in 
Figure 4.1. The synthesis of WO3 NR array thin film was discussed in section 2.2.2. 
Table 4.2. The deposition parameters of metal oxide nanoparticles/WO3 nanorods hybrid nanostructured thin films. 
Sample Precursor /g  Solvent /mL 
Temperature 
/˚C 
N2 Flow 
Rate /SCCM 
TiO2/WO3  
Ti diisoproxide bis(acetylacetonate) 
/0.0025  
Methanol 
/15 mL 
350 300 
Co2O3/WO3 Co acetate/0.001 
Methanol 
/15 mL 
350 300 
CuOx/WO3 Cu acetylacetonate/0.001 
Toluene/15 
mL 
375 300 
   
4.2.3 Results and Discussion 
As shown in Figure 4.15, the colour of as-synthesised thin films after deposition using transition 
metal precursors is slightly different from the undecorated WO3 NR array, which was white 
154 
 
(Figure 4.15a). After deposition of the Co precursor on WO3 NR array for 50 min, the as-
synthesized thin film was yellow (Figure 4.15b) and after deposition of the Cu precursor for 65 
min, the as-synthesized thin film was a light yellow colour (Figure 4.15c), similar to deposition 
using the Ti precursor for 50 min which was also light yellow in colour (Figure 4.15d). 
 
Figure 4.15. The photographs of thin films:  (a) WO3 NR array (5 min), (b) Co2O3/WO3 (50 min), (c) CuOx/WO3 (65 
min), (d) TiO2/WO3 (50 min). 
 
    After 50 min deposition of Co precursor, 65 min deposition of Cu precursor or 50 min 
deposition of Ti precursor (on a WO3 NR array thin film, the XRD pattern of samples 
Co2O3/WO3 (50 min), CuOx/WO3 (65 min) and TiO2/WO3 (50 min) were similar to that of an 
undecorated WO3 NR array (Figure 4.16). This may be because the loading of the metal oxides 
on WO3 NRs were very low concentration, similar to the samples of noble metal and noble 
metal oxide/WO3 (Figure 4.3).
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Figure 4.16. XRD patterns of (a) WO3, (b) Co2O3/WO3 (50 min), (c) TiO2/WO3 (50 min), (d) CuOx/WO3 (65 min) 
with matches the monoclinic WO3 reference pattern (red colour) (PDF 072-0677, a=7.306, b=7.540, c=7.692 Å and 
α=90 °, β=90.881°, γ=90 °). 
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    The XPS spectrum of Co2O3/WO3 (50 min) (Figure 4.17) showed Co 2p3/2 and 2p1/2 at 781.4 
and 797.4 eV corresponding to Co (III) in Co2O3 (781.3 and 797.1 eV respectively),
236
 with the 
peaks at 787 and 803 eV attributed to the satellite peaks of Co2O3.
236
 Hence, Co2O3 was 
presented in the sample Co2O3/WO3 (50 min), although no for Co2O3 were found in that sample 
by XRD. 
 
Figure 4.17. XPS spectra of the Co2O3/WO3 (50 min) hybrid nanostructure thin films show Co-(III) state relating to 
Co2O3 and the satellite peaks of Co2O3. 
 
    The XPS spectrum of CuOx/WO3 (65 min) (Figure 4.18)  showed both Cu (0) and Cu (II) 
after fitting with  binding energies of 932.8 and 934.9 eV respectively,  matching the literatures 
for Cu metal and CuO (932.8 and 934.6 eV respectively).
237,238
 The satellite peaks of CuO are 
found at 943.4 eV in agreement with  previous report (943.0 eV).
238
 Hence, Cu and CuO are 
found in the sample CuOx/WO3 (65 min), although neither Cu nor CuO were observed in XRD. 
156 
 
 
Figure 4.18. XPS spectra of the CuOx/WO3 (65 min) hybrid nanostructure thin films show Cu-(0) and Cu-(II) states 
relating to Cu and CuO and the satellite peaks of CuO. 
 
    The XPS spectrum of TiO2/WO3 (50 min) (Figure 4.19)  showed only Ti (IV) peak with Ti 
2p3/2 and 2p1/2 at 459.0 and 464.7 eV respectively in good agreement with the literature for TiO2 
(459.0 and 464.7 eV respectively).
239
 Hence TiO2 was presentd in the sample TiO2/WO3 (50 
min), although it is not apparent from XRD. 
 
Figure 4.19. XPS spectra of the TiO2/WO3 (50 min) hybrid nanostructure thin films show Ti-(IV) state relating to 
TiO2. 
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    As shown in Figure 4.20, EDX line scans were used to analyse the composition and 
distribution of elements on the WO3 NRs. The  EDX line scan results for Co2O3/WO3 (50 min) 
(Figure 4.20a) show the presence of Co, W and O elements in the NR with wt% 1.5, 38.9 and 
12.6 respectively, results for CuOx/WO3 (65 min) (Figure 4.20b) show the presence of Cu, W 
and O elements in the NR with wt% 5.9, 27.8 and 9.3 respectively, and results for TiO2/WO3 
(50 min) (Figure 2.52c) show the presence of Ti, W and O elements in the NR with wt% 1.4, 
22.2 and 6.8 respectively. Therefore, all the transition metal oxide/WO3 samples showed the 
corresponding transition metal in the EDX line scan. The distribution of those transition metals 
can be observed lower in the edge and higher in the centre of NR with the similar trend of W 
and O elements, where the expectation was that the edge of the NR would show higher 
distribution if the transition metal deposit as NPs or a shell covering the WO3 NR. Subsequently, 
HRTEM was needed to observe the transition metal oxide/WO3 hybrids.    
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Figure 4.20. The EDX line scan of element of samples (a) Co2O3/WO3 (50 min), (b) CuOx/WO3 (65 min) and (c) 
TiO2/WO3 (50 min) showing the element distribution on NR structure with the EDX spectra of (d) Co2O3/WO3 (50 
min) showing W (38.9 at%), O (12.6 at%), Co (1.5 at%), (e) CuOx/WO3 (65 min) showing W (27.8 at%), O (9.3 at%), 
Cu (5.9 at%), (f) TiO2/WO3 (50 min) showing W (22.2 at%), O (6.8 at%), Ti (1.4 at%). 
 
    Using HR-TEM it is able to observe the transition metal oxide decorating the surface of WO3 
NR as NPs as shown in Figure 4.21. The Co2O3 NPs ranging from 5 to 20 nm in diameter can be 
found on the surface of WO3 NR in sample Co2O3/WO3 (50 min), and the marked interplanar 
space is 0.28 nm corresponding to (220) face of Co2O3 as shown in Figure 4.21a.
240
 The CuO 
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NPs ranging in size from 3 to 5 nm can be found on the surface of the WO3 NRs in sample 
CuOx/WO3 (65 min), with interplanar spacing of 0.23 nm corresponding to the (111) face of 
CuO as shown in Figure 4.21b.
241
 The TiO2 NPs range in size from 30 to 60 nm, and the 
interplanar spacing is 0.23 nm corresponding to the (101) face of TiO2 (anatase) as shown in 
Figure 4.21c.
242
 Therefore, the transition metal oxides decorated the WO3 NR similar to the 
noble metal and noble metal oxides which also decorated the WO3 NR as NPs. The loading of 
the NPs on the NRs is very low and possibly why XRD did not detect the NPs. The distribution 
of those NPs on NRs was in very low concentration, and hence it is difficult for linear scan of 
STEM with relatively low resolution to select a region with the transition metal oxide NPs on 
both side of NRs leading to our expectation result of more metal elements found in the edge of 
NR than at the centre rather than those results shown in Figure 4.20.   
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Figure 4.21. TEM images of (a) Co2O3/WO3 (50 min), (b) CuOx/WO3 (65 min) and (c) TiO2/WO3 (50 min). 
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    As shown in Figure 4.22a, all the samples of transition metal oxide/WO3 show lower 
transmittance compared to an undecorated WO3 NR array. Metal oxide metal NPs loaded on 
WO3 NR is expected to reduce the transmittance. The sample TiO2/WO3 (50 min) shows the 
lowest UV transmittance, though the sample CuOx/WO3 (65 min) shows similar UV 
transmittance to undecorated WO3. The sample Co2O3/WO3 (50 min) shows similar 
transmittance to that of TiO2/WO3 (50 min).   
    The reflectance of samples decreases after transition metal oxide NPs are loaded on the NRs, 
lower than undecorated WO3. This is similar to the samples of noble metal or their oxide 
NP/WO3 deposited for longer than 20 min (Figure 4.11) possibly owing to diffuse reflection 
caused by spherical NPs on NRs and/or a thin carbon layer formed on the NPs.  The sample 
Co2O3/WO3 (50 min) shows the lowest reflectance in the regions from UV to NIR, presented in 
Figure 4.22b.  
    In the calculated absorbance spectrum (Figure 4.22c), the sample TiO2/WO3 (50 min) shows 
highest absorption in the regions from UV to NIR, possibly owing to the high bandgap of TiO2 
(~3.2 eV),
189
 the sample Co2O3/WO3 (50 min) shows increased UV light absorption,
243
 though 
the sample CuOx/WO3 (65 min) shows UV absorption similar to the undecorated WO3. 
Therefore, the transition metal oxide/WO3 hybrid nanostructured thin film show different UV-
Vis spectra from undecorated WO3 NR array.  
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Figure 4.22. The transmittance (a), reflectance (b) and absorbance (c) spectrum (the noise peak at 865 nm due to 
grating change of the UV-Vis spectrometer) of Co2O3/WO3 (50 min), CuOx/WO3 (65 min) and TiO2/WO3 (50 min). 
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4.3 Conclusion 
AACVD has been demonstrated as a versatile tool to fabricate metal (M) nanoparticle 
(NP)/WO3 nanorod (NR) thin films without requirement of additional agents or catalysts. 
Metallic Au/WO3, Pd/WO3, Pt/WO3 and Ru/WO3 hybrid nanostructured thin films were 
successfully fabricated, although the NPs of Pd and Ru also contain oxidised states of Pd-(II) 
and Ru-(IV) respectively.   
    The NP size of the noble metal is tuned simply by altering the deposition time. When the 
deposition time is short, the mean size of NPs is small and amount of NPs loading is low, whilst 
as the deposition time increases the mean size and amount of NPs loading also increases. This 
method is suitable for depositing a wide range of metal and metal oxide NPs on various support 
thin films fabricated by different methods (e.g. Au NPs on flat TiO2 support), and also for 
developing simple routes to heterojunctions for application in photovoltaic, photocatalysis, 
catalysis  and surface enhanced Raman spectroscopy. 
    The size and the amount of noble metal loading on WO3 NR array affect its optical properties 
and also its photocatalytic activity. The photodegradation of SA was used to evaluate a 
functional property of the noble metal NPs/WO3 NR array hybrid thin film. The 
photodegradation rate of SA (Figure 4.12) was increased over the hybrid nanostructures of 
Au/WO3 (1 min, with particle mean size 3.0 nm) and Pt/WO3 (10 min, 3.0 nm) compared to 
undecorated WO3 NR array thin films, and in particular Pt NPs with mean particle size 3.0 nm 
increases the rate by more than 50 % which is attributed to Pt as a good catalyst for oxygen 
reduction reaction.
122,204
 However Pd/WO3, Ru/WO3 show lower activity compared to 
undecorated WO3 possibly due to contamination from forming carbon layers or foreigner ions 
(e.g. Cl
-
) or/and acting as ORR catalyst. 
    After annealing the Pd or Ru NPs on WO3 NRs were able to be oxidised as PdO or RuO2 NPs 
respectively. the sample PdO/WO3 (5 min) gave an FQE of photodegradation SA higher than 
undecorated WO3 NR array by 60%, and better photocatalyst than Au (1 min, 11.0) and Pt (10 
min, 11.3) possible owing to forming a p-n heterojuction between PdO NPs and WO3 NRs. 
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    Consequently, the transition metal oxide NPs of Co2O3, CuOx and TiO2 were successfully 
loaded onto WO3 NR forming Co2O3/WO3 (50 min), CuOx/WO3 (65 min) and TiO2/WO3 (50 
min) hybrid nanostructured thin film via AACVD without further oxidation treatment e.g. 
annealing in the furnace in high temperature.  
    Therefore, AACVD demonstrated as a versatile tool to fabricate metal or metal oxide 
NPs/metal oxide hybrid nanostructure thin films with tunable NP size via controlling the 
deposition time and forming heterojunctions for enhanced photocatalyst. 
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CHAPTER 5: SUMMARY AND 
FUTURE WORK 
  
 
In Chapter 1, literatures about (a) the properties, application, synthesis and growth mechanism 
of tungsten oxide with nanorod (NR) structure; (b) the mechanism and applications of aerosol 
assisted chemical vapour deposition (AACVD); (c) the synthesis, property and application of 
noble metals, were discussed. However, the recent growth mechanism of 1D structure (e.g. 
Vapour-Liquid-Solid and Vapour-Solid) focused on the reasons of 1D structure formed based 
on different driven force and was unable to tell, for example, at which temperature the 1D 
structure can form. The growth processes of tungsten oxide NR via AACVD was unknown, and 
the origin of the quantum confinement effect (QCE) in tungsten oxide NR with length up to the 
microscale unclear.  
 
In Chapter 2, the deposition conditions e.g. precursor, solvent, substrate, and deposition 
temperature, were studied in order to fabricate tungsten oxide thin films with NR structure. As 
shown in Table 5.1, the deposition conditions affected the morphologies of tungsten thin films 
via AACVD. In order to identify the relation between deposition conditions and morphologies 
of as-synthesised thin films, the tungsten oxide thin films deposited under different conditions 
(e.g. temperature and the concentration of precursor) were characterised. The change of 
morphologies of tungsten oxide thin film was attributed to the competition for arrival adatoms 
on substrate between nucleation and growth along the direction perpendicular to substrate. 
Hence a “Kinetic competition” mechanism was proposed to predict the morphology of tungsten 
oxide as planar or NR dependent on the deposition temperature and the concentration of 
precursor. 
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Table 5.1. Deposition conditions of tungsten oxide thin films relating to nanostructure. 
Precursor (g) Solvent (mL) Substrate Deposition 
Temp.(°C) 
Nanostructure Nanostructure 
After annealing 
W(OPh)6 
(0.075) 
Acetone (15) Glass 450 Yes Yes 
W(OPh)6 
(0.075) 
Acetone (15) B-glass 450 No Yes 
W(OPh)6 
(0.075) 
Acetone (15) Alumina 450 No No 
W(OPh)6 
(0.075) 
Acetone(10) and 
Toluene(5) 
B-Glass 450 Odd No 
W(OPh)6 
(0.075) 
Toluene(15) B-Glass 450 Yes Yes 
W(OPh)6 
(0.075) 
Acetone(15) B-Glass 450 Yes Yes 
W(OPh)6 
(0.150) 
Toluene (15) B-glass 300 Odd No 
W(OPh)6 
(0.150) 
Toluene (15) B-glass 325 No No 
W(OPh)6 
(0.150) 
Toluene (15) B-glass 350 Yes No 
W(OPh)6 
(0.150) 
Toluene (15) B-glass 375 Yes Yes 
W(OPh)6 
(0.075) 
Toluene (15) B-glass 400 Yes Yes 
W(OPh)6 
(0.075) 
Toluene (15) B-glass 425 Yes Yes 
W(OPh)6 
(0.075) 
Toluene (15) B-glass 450 Yes Yes 
W(OPh)6 
(0.075) 
Toluene (15) B-glass 500 Yes Yes 
W(CO)6  
(0.06) 
Toluene (15) Quartz 375 Yes Yes 
W(CO)6  
(0.06) 
Acetone (15) Quartz 375 No - 
W(CO)6  
(0.06) 
Methanol (15) Quartz 375 Yes - 
W(CO)6  
(0.06) 
Acetone(10) and 
Methanol(5) 
Quartz 375 Odd - 
W(CO)6  
(0.06) 
Acetone(10) and 
Toluene(5) 
Quartz 375 Yes - 
W(CO)6  
(0.06) 
Methanol(10) and 
Toluene(5) 
Quartz 375 No - 
W(CO)6  
(0.06) 
Acetone(10) and 
Methanol(5) 
Quartz 350 Yes - 
W(CO)6  
(0.06) 
Acetone(10) and 
Methanol(5) 
Quartz 375 Yes Yes 
 
    As shown in Figure 5.1, the competition between nucleation rate (J) and nucleus 
perpendicular growth rate (rperp) results in different morphologies. The thin film growth 
(thickness increase) is contributed to rperp and ri (layered growth rate of nucleus,𝑟𝑖 ∝ 𝐽) leading 
to a wave-like surface of the thin film due to the difference between rperp and ri. As the ratio of 
rperp to ri reaches 7.1 (rperp is 7.1 times faster than ri), the tungsten oxide grows as a NR structure, 
otherwise a planar structure results in agreement of the observation by SEM as shown in Figure 
5.2.  
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Figure 5.1.The “Kinetic Competition” between nucleation rate and perpendicular rate dependent on deposition 
temperature and concentration of precursor leads to planar or nanorod structure of tungsten oxide thin film. 
 
Hence, based on the Venables’ kinetic theory, the ‘Kinetic competition’ equation was 
deduced as Equation 2.29 which could be used to estimate the required temperature for 1D 
nanostructure formation during AACVD after the constant calculated via conducting a small 
series depositions.  The ‘Kinetic competition’ equation also describes that decrease Eact 
(activation energy for growth along the direction perpendicular to substrate) can reduce 
temperature for fabricating 1D structures e.g.  introducing catalysts, using plasma and  different 
precursors.
79,244,245 
    The Eact of growth is comprised of Eact of absorption and pyrolysis of precursor, surface 
diffusion, adsorption, binding and nucleation of adatoms. After nucleation as shown in Figure 
5.2, the NR extrudes from a certain facet of the nucleus, whilst other directions parallel to 
substrate grow with relatively low rate. This is possibly due to a relatively high Eact, which 
could be attributed to VO found increasing the Eact of adsorption and binding on those facets 
suppressing the growth along those directions.  As the length of NRs grows, their diameter also 
increases due to the coalescence of NRs resulting in a reduction of the concentration of VO 
which is a function of the deposition time with reciprocal relationship. The ability of the VO to 
act as n-type donor was first reported in 2007,
246
 and an VO can donate two electrons reducing 
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W
6+
 to W
4+
.
162
 Therefore, controlling the concentration of VO via controlling the growth of 
tungsten oxide NR by deposition time during AACVD is the example of VO doping of a 
tungsten oxide NR array to modify its band structure.  
 
Figure 5.2. Growth mechanism of AACVD from precursor to tungsten NRs.  
 
In Chapter 3, tungsten oxide NR arrays with an W32O84 (WO2.63) phase showed strong NIR 
absorption arising from small-polarons hopping and/or intervalence charge transfer owing to the 
presence of a high concentration of reduced tungsten states (W
4+
) induced by VO. Therefore, 
sub-stoichiometric tungsten oxide (WOx) thin films have potential in NIR shielding and heat 
filter coatings. A sample of WO2.63 deposited for 30 min was able to reduce interior temperature 
by around 10 °C, and sample deposited for 10 min can lower temperature by 4.5 °C with 70 % 
visible light transparency in a simulated NIR absorption experiment. 
After annealing at 500 °C in air for 2 hours, the sample of WO2.63 converts to be monoclinic 
WO3 (m-WO3). When the concentration of defects (VO) is low (0 to 1.48 %, length of NR from 
1.0 to 1.5 μm deposited for 3 and 5 min) no NIR absorption was observed and bandgap widens 
(3.0 eV compared to bulk WO3, 2.6 eV) shown in Figure 5.3 and Table 5.2. We attribute the 
observed bandgap widening to the formation of dislocation loops. It has previously been found 
that strain fields introduced by the presence of dislocation loops lead to quantum-spatial-
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confinement (QSC) effects, which in the case of silicon can increase the bandgap energy by 325 
to 750 meV due to the stress formed at the edge of dislocation loops.
188
 We observed dislocation 
loops by HRTEM imaging with diameters between 0.4 and 1.5 nm in the nanorod nucleates 
from which the WO3 NRs grow. At higher defects (VO) (3.0 to 8.6 %, length of NR from 2.5 to 
4.5 μm deposited in 10 and 30 min) (Table in 5.2) NIR absorption was observed and the 
bandgap narrows from 2.9 to 2.6 eV (Figure 5.3). This has previously been observed in WO3.
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Table 5.2. A summary of the XPS results, which relate changes in indirect bandgap, concentration (at. %) of W4+, 
VBM position and the peak maxima of NIR absorption with deposition time. 
Deposition time 
(minute) 
Indirect Bandgap 
(eV) 
W4+ 
(at. %) 
VBM 
(eV) 
NIR absorption peak 
(nm) 
30 2.6 8.56 2.32 986 
20 2.7 7.50 2.37 970 
10 2.9 3.02 2.41 968 
5 3.0 1.48 2.65 n/a 
3 3.0 trace 2.67 n/a 
1 3.1 trace 2.72 n/a 
0.5 3.1 trace 2.78 n/a 
 
Therefore, here the 1D quantum confinement effect of tungsten oxide NR arrays can be 
attributed to QSC induced by dislocation loops rather than quantum-size-confinement. The 
dislocation loops were created by VO which also introduced small-plasmons inducing small-
plasmon-hopping contributing to the NIR absorption. Hence, the VO modified the band structure 
and optical property of tungsten oxide NR arrays via forming dislocation loops and small-
plasmons. 
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Figure 5.3. Photographs of WO3 thin films (2.5 * 2.5 cm) deposited after 0.5, 1, 3, 5, 10, 20 and 30 minutes (from 
left to right) via AACVD (top) corresponding to change in length of NRs from around 400 to 4500 nm (images of 
cross-section SEM, middle) and in the optical direct band gap Eg from 3.0 to 3.6 eV (yellow square). 
 
    The modification of band structure of WO3 NR arrays by VO doping is evaluated by 
photodegradation of stearic acid (SA) under UVA irradiation (365 nm). The 5 min growth time 
sample showed the best activity amongst all the samples, possibly due to bandgap expansion, 
leading to increased oxidation potential. The presence of VO can cause charge carriers to be 
strongly localized, and hence inhibit their movement to the material surface where they can 
react.
247,248
 Consequently the photocatalytic performance of our WO3 NRs decreased with an 
increase in VO, found in samples with growth times greater than 5 minutes.  
 
In Chapter 4, the direct growth of noble metal NPs supported on WO3 NR array thin films, 
without the introduction of foreign agents (organic and/or inorganic) or requirement for 
supports as a reducer, was introduced noble metal (Au, Pt, Pd and Ru) NP/WO3 NR hybrid 
structured thin films were successfully fabricated, and the mean particle size of Au, Pt, Pd and 
Ru loading on the surface of WO3 was tailored from 2 to 7 nm simply by controlling the 
deposition time from 0.5 to 36 min. 
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  With subsequent oxidative treatment, Pd and Ru NPs loaded on WO3 NR were oxidised to 
PdO and RuO2 NPs forming PdO/WO3 and RuO2/WO3 hybrid structured thin films.  
    The photocatalytic activity of the noble metal or noble metal oxide/WO3 hybrid 
nanostructured thin films was evaluated by photo-degradation of SA. As shown in Figure 5.4, 
the photodegradation rate of SA was increased over the hybrid nanostructures of Au/WO3 (1 
min, with particle mean size 3.0 nm), Pt/WO3 (10 min, 3.0 nm) and PdO/WO3 (5 min, 5.6 nm) 
compared to undecorated WO3 NR array thin films, and in particular PdO NPs increase the rate 
by more than 50 %.
122,204
 However Pd/WO3 (5 min, 1.9 nm), Ru/WO3 (36 min, 2.8 nm) and 
RuO2/WO3 (36 min, 5.1 nm) show lower activity compared to undecorated WO3 most likely due 
to a lack of catalytic activity for oxygen reduction reaction in the metal or oxide NPs, and the 
loss of surface area by covering the surface of the WO3 NRs. 
The transition metal oxide NPs of Co3O4, CuOx and TiO2 were loaded on WO3 NR forming 
Co3O4/WO3, CuOx/WO3 and TiO2/WO3 hybrid nanostructured thin film via AACVD without 
further oxidative treatment e.g. annealing in the furnace in high temperature. 
Therefore, AACVD can be used to construct different type of metal or metal oxide/metal 
oxide with 1D structure hybrid materials to improve properties of catalysis and photocatalysis.  
 
Figure 5.4. Integrated areas of stearic acid bands (a) were estimated during UVA light (4.2 mW cm-2) irradiation of 
SA coated as-synthesized M/WO3 and MO/WO3 hybrid nanostructure thin films: (1) plain WO3 NR array (2) 
Au/WO3 (1 min), (3) Pd/WO3 (5 min), (4) Ru/WO3 (36 min), (5) Pt/WO3 (10 min), (6) PdO/WO3 (5 min), (7) 
RuO2/WO3 (36 min). Formal quantum efficiencies (b), given as degraded SA molecules by per incident photon in 
unit (molecule photon-1), were calculated from the initial rates of photodegradation of SA (a). 
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For future work, firstly the AACVD will be used to fabricate N doped tungsten oxide and 
tungsten nitride which are efficient hydrogen evolution cathode,
249,250
 with 1D nanostructure via 
introducing ammonia in precursor solution or in carrier gas, and annealing in ammonia gas at 
high temperature > 600 °C. If this strategies work, more metal nitride or/and non-metal doped 
metal oxide composite materials with 1D nanostructure could be synthesized by AACVD. 
Secondly, the tungsten oxide NR array thin films based hybrid materials will continue 
studying. Metal, metal oxide, metal nitride or polymer/tungsten oxide NR array core-shell 
hybrid materials will try to be constructed by combining AACVD with other techniques (e.g. 
CVD, PVD or hydrothermal synthesis). 
The VO can affect the band structure and optical properties of tungsten oxide NR arrays via 
creating dislocation loops and small-plasmons. In future, the band structure and optical 
properties of other metal oxide 1D arrays would try to be modified by ‘doping VO’ via 
annealing in reductive gas e.g. H2 or in vacuum to figure out their application in photocatalysis 
and water splitting.  
In ‘kinetic competition’ mechanism, the competition between nucleation and thin film growth 
leading to various morphologies from planar to 1D, however, there are still unclear why the VO 
formed along certain direction suppressing the growth, hence crystal can grow along one 
direction forming 1D structure, and the relationship between growth activation energy and facet 
surface energy or the atom arrangement in that facet. Therefore, in future, the exposure facets of 
nucleus can be estimated by thermodynamics theory,
251
 and the growth activation energy along 
facets could relate to their surface energy possibly via RRKM thory.
252
 subsequently, combing 
with kinetic competition’ mechanism, the various nanostructure dependent on deposition 
conditions can be predicted from ab initio calculation.   
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